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Preface

The nine papers in this Reprint offer a diverse, yet interconnected, set of contributions to the

field of coastal and marine governance, spanning case studies, methodological advances, and critical

reviews. The geographical focus of the set of essays ranges from local case studies in Brazil, China,

Cuba, Italy, Panama, and Portugal to global assessments. Common concerns include the fragmentation

of institutional frameworks, the low enforcement of legal instruments, and the socio-ecological impacts

of coastal transformation. Coastal and marine areas are undergoing significant transformations due to

urbanization, industrialization, port development, climate change, pollution, over-exploitation, and

other human activities, with consequent impacts on ecological integrity and traditional livelihoods.

The essays collectively advocate for the urgent need to improve governance structures, integrate

technological innovations, coordinate the management of watersheds, coastal areas, and adjacent

marine areas, and improve participatory mechanisms that enhance inclusion of all stakeholders

in decision-making processes. Collectively, the essays in the Reprint advocate for more inclusive,

data-informed, and adaptive approaches that address the complex challenges faced by coastal and

marine ecosystems today. The Reprint will be of interest to individuals concerned about the wise and

sustainable management of coastal and marine systems, particularly practitioners and students.

Celene B. Milanes, Camilo M. Botero, and Daniel O. Suman

Guest Editors
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Editorial

The Multiple Challenges Faced by Coastal and
Marine Governance
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1. Introduction

Coastal and marine areas are only partially integrated into governance across different
geographical scales, with persistent fragmentation and sectoral approaches remaining com-
mon challenges [1]. While integrated management frameworks—such as integrated coastal
zone management (ICZM) and marine spatial planning (MSP)—are widely promoted to
address these issues, their implementation often struggles with institutional inertia, con-
flicting mandates, and limited cross-sectoral coordination, resulting in slow or incomplete
integration, especially at the interface of land and sea and across administrative levels [2].
Case studies from several regions around the world reveal that planning tools and gover-
nance mechanisms frequently remain siloed, focusing on compliance with sector-specific
regulations rather than fostering holistic, ecosystem-based management [3].

Efforts to align governance vertically (from local to national), horizontally (across
sectors), and programmatically (from policy to implementation) are often hampered by mis-
aligned objectives and resource constraints [4]. Additionally, the integration of traditional
and local knowledge into governance processes remains limited, though participatory and
deliberative approaches show promise for more inclusive and adaptive management [5,6].
Overall, while progress has been made in recognizing the need for integrated approaches,
significant barriers—such as institutional complexity, lack of technical capacity, and en-
trenched policy frameworks—continue to impede the full integration of coastal and marine
areas into governance at all levels [1,4,7].

On the other hand, the inclusion of bottom-up approaches in coastal and marine
governance has gained recognition for its potential to enhance sustainability, legitimacy,
and adaptability; however, its integration remains uneven and faces significant challenges.
Bottom-up strategies—such as empowering local communities, participatory planning,
and community-based management—can provide valuable local knowledge, foster stew-
ardship, and improve compliance with regulations [8]. Successful examples, such as the
Algoa Bay Project in South Africa, demonstrate that combining bottom-up engagement
with top-down authority can identify practical pathways for integrating local knowledge
into marine spatial planning, increase transparency, and enhance access to information [6].

However, in many cases, top-down approaches still dominate, with bottom-up partici-
pation often limited to consultation rather than genuine power-sharing, as seen in several
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designations of marine protected areas [9,10]. Comparative studies in the Global South re-
veal that while local collective action can address certain challenges, external drivers, such
as market forces and policy constraints, often limit the effectiveness of bottom-up initiatives,
underscoring the need for flexible, multi-level governance that aligns local and national
priorities [11,12]. Case studies also demonstrate that empowering communities necessitates
sustained engagement, long-term capacity building, and acknowledgment of traditional
rights [6,8]. Ultimately, the most effective governance models combine bottom-up and top-
down approaches, tailoring participation to local contexts and ensuring that community
voices are not only heard, but also have a real influence over decision-making [8,12,13].

2. Main Contributions of the Special Issue

The nine papers in this Special Issue offer a diverse, yet interconnected, set of contribu-
tions to the field of coastal and marine governance, spanning case studies, methodological
advances, and critical reviews. While they differ in geographical focus—from local case
studies in China (Contributions 1 and 6), Cuba (Contribution 4), Brazil, Panama, and
Portugal (Contribution 8), and Italy (Contribution 7) to global assessments (Contributions
2, 5 and 9)—and in disciplinary approach, they converge around key themes such as the
urgent need to improve governance structures, integrate technological innovation, and
facilitate participatory mechanisms. Common concerns include the fragmentation of insti-
tutional frameworks, the low enforcement of legal instruments, and the socio-ecological
impacts of coastal transformation. Despite methodological variation—from geospatial
analysis to qualitative fieldwork and legal critique—the papers collectively advocate for
more inclusive, data-informed, and adaptive approaches to address the complex challenges
facing coastal and marine systems today.

Reviewing this set of papers reveals that they employ a diverse range of research
types. Five articles use case studies (Contributions 1, 4, 6, 7, and 8), three analyze method-
ological or technological development papers (Contributions 1, 3, and 9), one presents an
international legal review (Contribution 2), and three developed comprehensive reviews
(Contributions 5, 8, and 9). Together, these contributions reflect a balanced integration
of empirical investigation, theoretical synthesis, and applied innovation, advancing our
understanding of coastal and marine governance.

The papers in this Special Issue encompass a broad geographical scope, with case
studies and analyses spanning Asia (China), Europe (Italy and Portugal), and the Americas
(Brazil, Panama, and Cuba), in addition to global assessments. Several papers adopt a
global or multi-regional lens—particularly those on marine pollution monitoring, marine
protected areas, legal frameworks, and nature-based solutions—thereby offering both
localized insights and internationally relevant perspectives.

The authors employed a range of qualitative, quantitative, and mixed methods, in-
cluding field surveys and stakeholder interviews (e.g., Contribution 4), document analysis
(e.g., Contribution 8), and spatial planning reviews (e.g., Contribution 7). Several tech-
niques are utilized, such as machine learning algorithms (e.g., Contribution 3), social media
analysis (e.g., Contribution 1), geospatial techniques (e.g., Contribution 5), and doctrinal
legal analysis (e.g., Contribution 2), to examine governance frameworks, environmental
monitoring, and spatial prioritization at both national and global scales.

The papers collectively highlight critical governance challenges across scales, in-
cluding institutional fragmentation, limited stakeholder inclusion, weak enforcement of
international legal instruments, and insufficient integration between land and sea gover-
nance. Several studies emphasize the importance of participatory and adaptive governance
models, including community engagement, co-management, digital platforms, and spatial
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planning, as essential pathways to strengthen coastal and marine policy implementation
and enhance environmental and social resilience.

The studies reveal that coastal and marine areas are undergoing significant trans-
formation due to urbanization, industrialization, port development, climate change, and
pollution, with consequent impacts on ecological integrity, traditional livelihoods, and
spatial dynamics (e.g., Contributions 1, 6, and 7). While several papers emphasize the
degradation of coastal ecosystems and the fragmentation of marine governance, others
propose integrated management approaches—such as marine protected areas, nature-based
solutions, and marine spatial planning (e.g., Contributions 5, 7 and 8)—to support more
sustainable and inclusive stewardship of coastal and marine environments.

In summary, the papers collectively recommend strengthening multi-level governance
frameworks through improved legal instruments, enhanced stakeholder participation,
integrated data, and spatial planning, with a particular emphasis on the role of innovative
tools such as remote sensing, naval surveillance, and social media platforms. Future direc-
tions call for advancing interdisciplinary and cross-jurisdictional collaboration, embedding
nature-based and community-led approaches in policy design, and scaling up scientifically
grounded marine protection efforts to meet global biodiversity and sustainability targets.

3. Urgent Challenges

The challenges facing coastal and marine areas are numerous, with different priorities
according to the analytical perspective. Nevertheless, global economic and political pro-
cesses impact some communities and ecosystems more intensely than others. The hope
sparked by the United Nations Convention on Environment and Development—UNCED,
in 1992, in Rio de Janeiro, with Agenda 21 and its Chapter 17, barely exists after 30 years.
The integrated coastal zone management framework, launched internationally at this con-
vention, was almost forgotten by the end of the first decade of the new century. Instead of
ICZM, marine spatial planning has taken the lead as the preferred management tool for
marine areas, frequently disconnecting coastal areas from decision-making [14].

However, coastal and marine governance extends beyond integrated management
approaches. Governance implies multi-sectoral approaches, multi-level decision-making,
but mainly real public participation. The contributions included in this Special Issue
highlight most of these concerns, with a blend of social, legal, environmental, economic,
and technological perspectives. As stated earlier, the challenges to coastal and marine
governance are numerous, but we, as editors of this Special Issue, would like to highlight
the eight most pressing issues.

3.1. Institutional Fragmentation

Coastal and marine areas require new institutional frameworks that extend beyond
collective bodies of already-established institutions. The governance of coastal and marine
areas should be led by a single body with sufficient authority to encompass and integrate
three diverse perspectives: environmental, social, and economic. Coastal and marine areas
should be recognized as a governance unit, which could be called Maremtory, as a semantic
evolution of the coastal and marine territory [15].

3.2. Legal Enforcement

Policy and regulatory landscapes in coastal and marine areas are complex, and some-
times, could be even inadequate [16]. However, the main flaws in regulations include the
enforcement of the many laws and resolutions. One reason for low levels of enforcement
is that regulations have been created with minimal participation from local communities,
imposed on them rather than meeting their needs. A new approach to coastal and marine
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governance should incorporate innovative methods for establishing agreements that reflect
the interests and desires of local communities, rather than those of multinational powers.

3.3. Bottom-Up Methodologies

Decision-making has historically been a top-down process. From kingdoms to re-
publics, power has been centralized by a select few individuals who decide the fate of the
majority. Nevertheless, the social achievements of the twentieth century enabled large
consultation processes, reinforced by current social technologies. The new challenge is
implementing new governance methodologies that integrate the needs of the majority and
converting them into decisions for the general benefit.

3.4. Urbanization and Traditions

Urban areas have been the primary focus of decision-making in coastal regions, due to
their significant social and economic importance in quantitative terms. As a consequence,
rural and natural areas have been relegated to secondary status, resulting in several environ-
mental and cultural impacts caused by urbanization. The challenge for coastal governance
turns around the best way to conserve rich traditional heritage without indiscriminately
prejudicing new developments.

3.5. Limited Stakeholder Participation and Social Inclusion

Sometimes, different governance processes exclude the participation of local coastal
communities, Indigenous peoples, women, and young people from decision-making,
undermining the legitimacy of coastal and marine policies and reducing compliance with
regulations. Participatory governance and citizen science are essential for promoting
environmental justice and ensuring that management strategies align with local needs
and knowledge [17].

3.6. Insufficient Scientific Data and Monitoring

A lack of up-to-date, site-specific data on biodiversity, pollution, erosion, sea-level rise,
and ecosystem services hinders evidence-based policymaking. Without robust indicators
and continuous monitoring, it becomes extremely difficult to assess risks accurately or
adapt management to changing environmental conditions [18].

3.7. Conflicts Between Economic Interests and Conservation Goals

Coastal zones are often sites of competing interests, including tourism, fisheries,
urban development, oil and gas extraction, and conservation. These conflicting uses often
prioritize short-term economic gain over long-term sustainability, resulting in habitat
degradation, resource overexploitation, and social inequities. Balancing these pressures
requires transparent, multi-stakeholder governance frameworks.

3.8. Climate Change and Disaster Risk Vulnerability

Rising sea levels, ocean acidification, saline intrusion, an increase in the intensity
and frequency of storms, and coastal erosion intensify existing vulnerabilities [19]. Many
local governance systems are reactive rather than proactive, lacking adaptive management
mechanisms to prepare for future impacts. Integrating climate adaptation and disaster
risk reduction into governance is urgent, particularly in small island developing states and
low-lying coastal areas [20].

Conflicts of Interest: The authors declare no conflicts of interest.

4



Water 2025, 17, 2322

References

1. Kelly, C.; Ellis, G.; Flannery, W. Unravelling Persistent Problems to Transformative Marine Governance. Front. Mar. Sci. 2019,
6, 213. [CrossRef]

2. Le Tissier, M. Unravelling the Relationship between Ecosystem-Based Management, Integrated Coastal Zone Management and
Marine Spatial Planning. In Ecosystem-Based Management, Ecosystem Services and Aquatic Biodiversity; O’Higgins, T., Lago, M.,
DeWitt, T., Eds.; Springer: Cham, Switzerland, 2020. [CrossRef]

3. Lin, T.; Liu, W.; Chang, Y.; Hsiao, S. Capacity assessment of integrated coastal management for Taiwanese local government. Mar.
Policy 2021, 134, 104769. [CrossRef]

4. Singh, G.G.; Cottrell, R.S.; Eddy, T.D.; Cisneros-Montemayor, A.M. Governing the Land-Sea Interface to Achieve Sustainable
Coastal Development. Front. Mar. Sci. 2021, 8, 709947. [CrossRef]

5. Brooks, K.; Barclay, K.; Grafton, R.; Gollan, N. Transforming coastal and marine management: Deliberative democracy and
integrated management in New South Wales, Australia. Mar. Policy 2020, 139, 104053. [CrossRef]

6. Rivers, N.; Strand, M.; Fernandes, M.; Metuge, D.; Lemahieu, A.; Nonyane, C.; Benkenstein, A.; Snow, B. Pathways to integrate
Indigenous and local knowledge in ocean governance processes: Lessons from the Algoa Bay Project, South Africa. Front. Mar.
Sci. 2023, 9, 1084674. [CrossRef]

7. O’Hagan, A.; Paterson, S.; Tissier, M. Addressing the tangled web of governance mechanisms for land-sea interactions: Assessing
implementation challenges across scales. Mar. Policy 2020, 112, 103715. [CrossRef]

8. Gaymer, C.; Stadel, A.; Ban, N.; Cárcamo, P.; Ierna, J.; Lieberknecht, L. Merging top-down and bottom-up approaches in marine
protected areas planning: Experiences from around the globe. Aquat. Conserv.-Mar. Freshw. Ecosyst. 2014, 24, 128–144. [CrossRef]

9. Cockerell, L.; Jones, P. Governance Analysis of St Anne Marine National Park, Seychelles. Mar. Policy 2021, 127, 103912. [CrossRef]
10. Jones, P. Marine protected areas in the UK: Challenges in combining top-down and bottom-up approaches to governance. Environ.

Conserv. 2012, 39, 248–258. [CrossRef]
11. Andriesse, E.; Saguin, K.; Ablo, A.; Kittitornkool, J.; Kongkaew, C.; Mang’ena, J.; Onyango, P.; Owusu, V.; Yang, J. Aligning

bottom-up initiatives and top-down policies? A comparative analysis of overfishing and coastal governance in Ghana, Tanzania,
the Philippines, and Thailand. J. Rural Studies 2022, 92, 404–414. [CrossRef]

12. Parker, Q.; Longosoa, H.; Long, S.; Jones, P. A longitudinal governance analysis of a locally managed marine area: Ankobohobo
wetland small-scale mud crab fishery, Madagascar. Mar. Policy 2024, 163, 106138. [CrossRef]

13. Yang, J.; Chang, Y.; Hsiao, S. Finding harmony in the sea: Resolving conflicts by regional marine spatial planning. Ocean Coast.
Manag. 2024, 254, 107200. [CrossRef]
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Meaningful Multi-Stakeholder Participation via Social Media
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Abstract: Due to the rapid development of China’s economy, the current situation of
fishing villages in the southeastern coastal areas is spatial disorder caused by changes in
population composition and industrial transformation. This study analyses the differences
between the clan structure and the multi-stakeholder engagement model in traditional
fishing villages. The main aim is to illustrate contemporary issues that fishing villages’
spaces need to deal with in governance and decision making. With the development of
information technology, social media has become an important platform through which
stakeholders can communicate and make decisions. The aims of this paper were as follows:
(1) Identify the stakeholders involved in the governance of fishing villages; (2) explore how
stakeholders participate in the planning and governance of fishing villages through social
media; (3) examine the mechanisms of social media and its impact on the spatial planning
of fishing villages. Through qualitative research methods such as field surveys and in-depth
interviews, the following results were obtained: (1) Social media subverts the traditional
fishing village governance model, and the scope of the governance subject is expanded;
(2) spatial changes in fishing villages are affected by the joint influence of people, the
environment, and the economy, and a social network acts as an intermediary to compensate
for the deficiencies that existed in previous fishing village governance processes.

Keywords: experiential tourism; intangible cultural heritage; community engagement;
social inclusion; relationship

1. Introduction

Effective governance through spatial planning has a long history of development in
Western society, and there are many forms of spatial planning and governance, such as the
famous De Architectura treatise, which became a principle of urban planning two thousand
years ago and laid the foundation for typical patterns of development in many European
cities [1]. In modern times, city planning is typically state-led or market-led, with many
functional zones forming the pattern of the city [2]. In the 21st century, more emphasis is
being placed on community participation in design, which will help ameliorate the social
and economic issues arising from the mismanagement of physical space [3]. Consequently,
over the past two decades, community participation has played an increasingly important
role in urban renewal [3].

In recent years, top-down community participation led by national programs has
also been implemented in developing countries, but national leadership typically focuses
more on political responsibility than on community interests, resulting in low levels of
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satisfaction among residents and a failure to generate positive benefits [4]. Traditional
urban planning can no longer meet the needs of the new era, and public participation
workshops for urban renewal must be changed into cooperative workshops according to
the different conditions of the community to achieve the goals effectively [5]. The single
theory of community participation, therefore, cannot be applied to spatial governance in
different national conditions. For example, in China, urban regeneration has been ongoing
since 1978, but recent studies have shown that most Chinese cities have not considered
social sustainability in the urban regeneration process, resulting in more urban sprawl,
social exclusion, and environmental pollution [6]. Case studies in China have shown
that state-led community participation, in the absence of democratization, tends to be a
formality as more structural problems remain unresolved and thus fail to produce the
desired sense of residential cohesion and local belonging [4].

However, are participatory approaches not suitable for China? Or is there a partici-
patory approach that has not yet been discovered in China? Most of China’s rural areas
are frozen in time and space and have maintained traditional patterns, architectural forms,
and lifestyles for hundreds of years; however, rural areas near the urban periphery are
experiencing intense urbanization, mainly due to changes forced by urban expansion [7–10].
Furthermore, almost none of the fishing villages along the coast of China have been spared
the impact of industrial restructuring and urbanization [11–13]. Mainly because coastal
cities serve as China’s primary gateways [12,14] to globalization, industrial concentration,
population migration [15], and socio-economic transformation [16,17] have collectively led
to either the demolition of some fishing villages or the preservation of only fragmented
historical districts and buildings [18]. Without fisheries and fishermen, these villages lose
their essence as fishing communities. Some fortunate ones have been transformed into
coastal resorts [19–23]; others have become abandoned villages [13]. In the tide of national
development, fishing villages have not only lost their population but also their unique
characteristics [12,17,24]. However, fishing villages are of utmost importance in the history
of human development [25].

Fishing villages are usually located in coastal waters or estuaries, where fishermen
have long retained skills passed down from generation to generation and rarely dissemi-
nate their social networks outwards [25,26]. As these fishing villages are mostly clustered
and have strong defenses, their governance model is clan-based [17,27,28], and within the
village, public gathering spaces centered on wells, ponds, and ancestral halls constitute
the spatial core of traditional fishing villages [13]. However, the decline of subsistence fish-
eries necessitated a transformation of both fishermen and villages, with a state-dominated
institutional framework replacing the clan-based spatial governance model [17,18]. How-
ever, in practice, due to the over-reliance on administrative power and the lack of social
incentives, it is difficult to stimulate fishermen’s collective action to safeguard the resources
and eliminate the prisoner’s dilemma of competition, and the effect of governance is not
as effective as it should be [29,30]. Research on “how to improve the national regulatory
model through the coordination of the relationship between the state and society, gover-
nance and development” has therefore been gradually conducted. In 2012, Ostrom et al.
proposed and developed a community-owned governance model (i.e., good governance
of the commons through multi-party participation and democratic consultation), but this
model reveals obvious limitations when faced with such a large-scale dilemma as that of
the marine fisheries industry [31]. In fact, since its inception, Western governance theories
such as community-owned governance have clearly conveyed the position that the state
should withdraw and return power to society, but many failures in governance practices
in developing countries are due precisely to the dismantling of state logic in governance
practices [32].
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In recent years, with the rapid socio-economic transformation of China’s urban so-
ciety, a variety of heterogeneous subjects, including the government, village committees,
enterprises, rural talents, and villagers, are actively participating in rural spatial practices.
Multi-party participation has accelerated the spatial transformation, reconstruction, and
commercialization of rural areas in China from productivism to post-productivism and
multifunctional modern countryside [33]. In addition, with the development of technology,
the forms of participation have changed. In addition to traditional in-person participation,
relevant stakeholders can use the Internet to collaborate in a more direct, real-time, and
networked manner [34,35]. In previous studies, new mechanisms, forms, and modes of
transformation have been discussed in detail to seek the sustainable development of fishing
villages [17,18,24,36], but e-participation through social media, and thus, changing the
spatial planning model of fishing villages, has not been adequately studied.

E-participation in social media has led to a more diverse public sphere constructed
by stakeholders [35,37] and these digital platforms also enhance citizen empowerment
and social inclusion [38,39]. The purpose of this study was to clarify through a case study
who the multiple stakeholders are, what mediums they use to participate in the spatial
planning and management of a fishing village, and what manifestations occur in the space.
Importantly, the cases show that the value lies not in the outcome of centralized planning
but in restoring organic co-development between local residents, the living environment,
and the economic system.

2. Materials and Methods

2.1. Study Area

Xunpu village (XPV) in Quanzhou City, Fujian Province, is a typical fishing village in
the southern coastal cities of China, located at 118◦44′ E longitude and 24◦51′ N latitude,
covering an area of 3.8 square kilometers (Figure 1). As of 2023, Xunpu village (XPV)
had 1678 households and a population of about 6355 [40]. Before 2010, the fishing village
was left isolated because of the urban renewal around it, and the overall landscape was
depressed, leaving only elder residents and broken houses in the fishing village. XPV is a
place with a profound cultural element, including religious and cultural buildings (Mazu
Temple), ancient and famous trees, water wells, traditional buildings (Oster house), and
fishing port landscapes.

Figure 1. Study area.
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XPV was the end point of the entire Quanzhou east coast tourist route [41], which is
also situated near the famous UNESCO World Heritage Site: Quanzhou: Emporium of
the World in Song-Yuan China [42]. It is therefore positioned as a service space for coastal
tourism, and the government should ideally transform XPV into a “modern” historical
and cultural district that meets the needs of modern tourism: neat, uniform, and modern.
In 2013, except for the surrounding area of Mazu Temple being retained as a district, the
context of the entire fishing village was almost entirely destroyed via the modern district
square planning method, in accordance with the 2013 urban renewal plan [43]. Between
2013 and 2022, in a partnership between the government and developers, many green
spaces were designated as sites for the planned construction of commercial and residential
areas, e.g., Fenghai Road, which circles the coast, and Binhai Road, which runs from
southeast to northwest surrounding XPV.

However, the COVID-19 pandemic initially delayed the demolition of XPV, and after
the lockdown was lifted, the popularity of intangible cultural heritage (ICH) tourism
attracted public attention. The planned demolition was then stopped, and the historic
district was preserved.

2.2. Study Methods

The term Xunpu women refers to the women of Xunpu village, known for their
traditional hair decoration style, clothes, and festivals, which have been given national ICH
status in China [44]. As early as around 2020, the practices of Xunpu fishing women were
regarded as local folk customs, and they would only appear during local festivals. Though
loved by the public, these local customs enjoyed limited appreciation from an outsider’s
perspective. However, this phenomenon has since spread throughout China in a short
period of time and has become a prevalent study issue [36,45,46].

This study adopted a qualitative research approach integrating descriptive and ex-
planatory frameworks. First, the process of XPV spatial change, industrial transformation,
and social media participation in governance is documented and described through obser-
vation and interviews; second, the causes behind the phenomenon are analyzed in depth,
i.e., (1) how multi-stakeholders participate in the collaborative governance of the fishing
village space via social media; (2) how the fishing village space (XPV), ICH (fisherwomen’s
culture), and multi-stakeholders are involved in the governance of the fishing village space;
(3) the fishing village space (XPV), ICH (fisherwomen’s culture), and multi-stakeholder
(governance) interaction mechanism (Figure 2); and (4) the significance of social media
participation for fishing village governance.

Figure 2. Study concept.

This study utilized a case study approach to longitudinally track a single case (XPV),
combining observations, in-depth interviews, and physical information to obtain data. The
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study process was as follows: On 9 September 2023, and 4 March 2024, a field investigation
was conducted in XPV. The target of the investigation was the number and spatial distribu-
tion of intangible cultural heritage experience shops (ICHESs), mainly Zanhuawei shops
(including clothing, headwear, photography, and makeup) The geographical location, natu-
ral environment, location characteristics, and Zanhuawei status quo of XPV were observed
and recorded.

In the process of sampling investigation, the systematic sampling method was adopted
in this study. Starting from the first ICHES in the first village entrance of XPV, one ICHES
was taken as a sample every four shops. Finally, relevant information on 50 ICHESs was
collected, such as the opening time, type, and service. The data are shown in Table 1. The
total number of shops is approximately 246. In addition, the experiences and opinions
of local residents, ICH inheritors, village party secretaries, tourists, makeup artists, and
photographers were obtained through in-depth interviews (11 samples in Table S1). The
data from the in-depth interview was keyed in verbatim for a subsequent text analysis
(Table S1). Social media platforms are the focus of this study, and this study lists relevant so-
cial platforms and analyzes their roles and functions in XPV’s ICH tourism (Table S2). Case
studies can provide rich and detailed descriptions of actual phenomena, especially single
case studies, which are more likely to shed light on the “what”, “why”, and “how” [47].
There are specific patterns in the information obtained from sample surveys about the
composition of ICHESs, the range of services, and the length of time in business, and
in-depth interviews can reveal the underlying mechanisms and potential changes behind
such complex phenomena.

Table 1. Description of sampling stores in this study.

Categorization
Operator Shop Source Opening Time

Native Outsider Tenancy
Own

House
Before 2023 2023–2024 After 2024

Number of shops 31 19 29 21 4 39 7

Subtotal 50 50 50

3. Results

3.1. Transformation of Fishing Village Economy

Since the Tang and Song dynasties (around 618 AD), women in the fishing villages of
XPV have continued to perform various folk activities. During major festivals, XPV women
would wear traditional costumes and decorate their hair with flowers into a circle (called
Zanhuawei) to celebrate together. This custom has continued for thousands of years [48].
However, the Cultural Revolution put XPV’s culture at risk of extinction, while the reform
and opening up of the last century put the fishing village space at risk of demolition.

It was not until 2004 that the Quanzhou Municipal Government realized that the
Xunpu fishing women’s folk customs are important and began to protect them, such
as by establishing the “Grandma Waist Drum Team” (consisting of old women from
Quanzhou Bay Village wearing traditional costumes and Zanhuawei, participating in
various activities); incorporating Xunpu women’s customs into teaching materials; and
performing traditional activities (teaching children traditional skills such as Zanhuawei
and carving shells). As a result, the Xunpu women’s customs were included in China’s
national ICH list in 2005 [49]. Subsequently, Fengze District incorporated Xunpu women’s
customs into the school curriculum, and local school students learned ICH skills such
as Zanhuawei.
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In 2013, the first ICHES opened in XPV, focusing on providing an experience of ICH
services and traditional fishing women’s costumes, and more ICHESs were subsequently
opened in the village. In the following ten years, although the government continued
to lead the promotion of XPV, the leisure industry featuring Xunpu women was only
promoted within the entire Quanzhou city. It was not until 2023 that a Chinese film and
television star (Zhao Liying) appeared on the cover of a magazine wearing Zanhuawei,
and the photos swept across all major media platforms [40]. Influenced by the movie star
effect, many Internet celebrities came to XPV to experience Zanhua (a verb meaning to
decorate one’s hair with flowers like Xunpu fishing women’s), requesting “the same style
as Zhao Liying” and uploading their selfies to social media platforms. For a time, topics
such as “Be a Xunpu girl for a day” and “Zanhua in this life, be beautiful in the next life”
became hot search topics on social media platforms. In addition, media platforms further
promoted the development of Xunpu’s tourism and Zanhua industries. ICHESs are now
spreading in XPV at a rate of three a day, and almost all shops, whether shops or residential
buildings, have become Zanhua places.

According to a Xiecheng (a Chinese online travel service company) big data analysis,
the overall travel orders in Quanzhou during the 2024 New Year holiday increased by 276%
year on year. According to third-party estimates, Quanzhou City received 2.0458 million
tourists during the New Year’s Day holiday in 2024, a year-on-year increase of 155.8%
and an increase of 17.9% over the same period in 2019; the tourism revenue reached USD
193 million, an increase of 174.0% and 17.0% year on year [50]. In 2023, the number of
domestic tourists in Fengze District reached 10.43 million, an increase of 57.9% year on
year. Domestic tourism revenue reached USD 1.53 billion, up 69.3% year on year. Among
the various trending topics, “Xunpu women. Zanhuawei” became popular on REDnote
and other social media platforms, attracting more than 5 billion likes and receiving praise
from UNESCO [51].

As of 6 April 2024, the survey findings in this study indicate that the number of shops
offering Zanhuawei services (ICHESs) in XPV is approximately 246. With government
support, XPV has constructed tourist service centers, shared bicycles, electric vehicles,
and other supporting facilities. XPV has thus gradually transitioned from fishing to
tourism. The traditional fishing industry has been on the decline, and the Zanhuawei-led
cultural tourism industry has replaced the fishing industry as a new economic pillar of
XPV. According to the statistical data obtained from field research, the daily turnover of
XPV relying on ICHESs alone reaches USD 88,584 in the off-peak season and USD 272,568
in the peak season (Table 2).

Table 2. ICHES revenue estimation.

Post
Average

Price
Quantity of

Shops

Off-Peak Season
Daily

Average Number
of People

Peak Season
Daily Average

Number
of People

Off-Peak
Season Daily

Turnover/USD

Peak Season
Daily

Turnover/USD

Zanhua 5.54 246 65 200 88,584.6 272,568
Makeup 20.77 246 65 200 332,112.3 1,021,884

Photography 27.70 246 65 200 442,923 1,362,840
Sum 863,619.9 2,657,292

Notes: Calculation basis: As of the statistical date, there were about 246 ICHESs in XPV. According to the average
price of the market, the number of tourists is between 30 and 100 people per shop per day in the off-season, and
between 100 and 200 in the peak season. The number of people is averaged for calculation.

However, over time, the field survey found that by 12 October 2024, the Zanhua
industry development in XPV had gradually formed an M-shaped trend, and ICHESs with
good momentum had not only opened branches in XPV but also in “West Street” (the
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main tourist attraction in Quanzhou), thus showing a trend of expansion. Those who did
not operate well have closed down their shops or are transferring their shops (Figure 3).
All in all, the Xunpu women’s ICH represented by Zanhuawei has greatly promoted the
development of tourism in Quanzhou. As an important supplement to the fishing industry
in XPV, tourism brings more opportunities to local residents.

Figure 3. Distribution map of Zanhua shops.

3.2. Role of Social Media in Stakeholder Engagement

In existing research on social media, only a few studies come close to defining or clari-
fying the concept of social media. However, it is evident that they all consider social media
to comprise various user-driven platforms. These platforms facilitate the dissemination of
information, the creation of conversations, and communication with a broader audience.
Essentially, social media is a digital space created by people and serving people, and it
provides a network environment that is conducive to interactions at different levels (e.g.,
personal, professional, commercial, marketing, political, and social) [52,53].

New media platforms serve as both participants and intermediaries in the process
of fishing village governance [54]. On the one hand, social platforms have their inherent
operating mechanisms. On the other hand, they provide new avenues for other entities
to participate [55]. The pyramid structure (Figure 4) within social platforms comprises
platform rule makers at the top tier, who are responsible for controlling algorithms and
traffic flow; content creators and multi-channel network (MCN) organizations at the middle
tier, who are tasked with adapting to and making use of the rules; and ordinary users at
the bottom tier, who function as both consumers and data providers for the algorithms.
Multiple stakeholders also occupy different positions upon entering the social platform.
For instance, government agencies, social organizations, Internet celebrities, and some
large-scale investors often belong to the middle tier. They possess the ability to create
content and can better adapt to and even exploit the platform rules to achieve their own
goals. In contrast, villagers, tourists, netizens, etc., are at the bottom tier. They are not only
influenced by the top-level rules and middle-level content, but their behaviors also feed
back to the social platforms, serving as providers of algorithmic data.

12



Water 2025, 17, 1703

Figure 4. Social platform internal structure.

The intrinsic operational mechanism of social platforms (Figure 5) comprises four core
components [55]:

1. User-generated content (UGC) serves as the foundational fuel, enabling users to create
and consume multimedia content (text, images, videos, audio) that sustains platform
activity. Motivations for UGC production include social engagement (identity forma-
tion through audience interaction) and economic incentives (monetization via traffic
sharing and advertising).

2. Traffic allocation mechanisms act as centralized power nodes, prioritizing efficiency
(promoting viral content), diversity (mitigating content monopoly), and commercial
interests (advertisement integration).

3. Algorithmic recommendation systems construct user profiles based on demographic
data (age, gender, location) to deliver personalized content.

4. User behavioral feedback (e.g., dwell time, likes, comments, shares, search queries)
constitutes training data for algorithmic optimization.

Figure 5. The inner workings of social platforms.

The thriving development of ICH tourism and the transformation of XPV can be
attributed to the collaborative participation of multiple stakeholders. Through a “cultural
heritage preservation + digital empowerment + regional collaboration” model, local cul-
tural assets such as oyster-shell houses and Xunpu women’s ICH are integrated to construct
an “online engagement–offline experience” closed-loop ecosystem. Leveraging new media
platforms (also known as TikTok and REDnote), XPV employs short videos and live broad-
casts to achieve cross-platform viral dissemination of cultural IPs, fostering a differentiated
cultural tourism brand. In 2023, the Quanzhou Municipal People’s Government released
its “Cultural Tourism +” Action Plan, which outlines an Online Travel Agency (OTA) new
media operation mechanism encompassing four core modules: content production, traffic
management, user engagement, and data-driven decision making. This systematic strategy
enables omnichannel brand promotion. The resultant “policy guidance + market operation
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+ technology-driven” framework provides a replicable model for ICH preservation and
cultural tourism upgrading.

In the context of cultural–tourism integration, social media has emerged as a critical
avenue for participatory engagement, with content-driven mechanisms serving as the
cornerstone of user interaction. The most notable characteristic is its content-centric model,
where content quality directly influences engagement metrics (likes, retweets, comments).
Platforms employ a user-screening mechanism to foster niche communities through shared-
interest aggregation (e.g., mutual following and content curation). In the context of cultural
and tourism integration, social media has become an important way for individuals to make
their voices heard. In addition, its most notable feature is the content-led model, where
content is the key to attracting individual likes, retweets, and comments. Its operation
mechanism is to attract and screen users through content (users with the same hobby
pay attention to each other, like each other’s content, etc.), and the screened users form
a high-quality community. In addition, in accordance with the push rules, the traffic-
oriented community constantly stimulates users to publish better quality content, with
better quality content then constantly stimulating new users to join the community and
ultimately forming a virtuous circle such that the scale of users in the community and the
amount of high-quality content are increasingly expanding.

Taking XPV as a case study, key stakeholders (celebrities, influencers, and large-scale
travel agencies) act as flow catalysts, generating viral discussions around ICH tourism. This
decentralized content production model shifts authority from institutional creators to collec-
tive member contributions, enabling crowdsourced cultural dissemination. Leveraging big
data algorithms, platforms enhance dissemination efficiency by delivering tailored content
to target audiences based on behavioral patterns (e.g., dwell time, click-through rates). The
combination of high user engagement, algorithmic personalization, and community-driven
content creation constitutes a replicable framework for cultural heritage activation in the
digital era.

The substantial online engagement with ICH tourism has been effectively translated
into offline tourism activities through cross-sectoral collaborative efforts. For instance, the
Quanzhou Municipal Bureau of Culture and Tourism’s official social media accounts have
launched a series of promotional videos highlighting local cultural heritage and tourist at-
tractions. These initiatives include user-generated content campaigns encouraging netizens
to document “hidden gems,” and co-creation projects with influencers to develop viral
photo spots and stimulate public discourse, thereby generating momentum for tourism
activities. This strategy transforms the “ICH tourism fever” into a city-wide developmental
opportunity. The offline implementation of online publicity materializes through three ty-
pologies of XPV’s ICH experience shops: (1) Government-invited galleries: established
photography institutions with proven marketing models and financial resources, attracting
private investment through public–private partnerships; (2) community-run enterprises:
locally operated businesses managed by villagers; (3) externally invested ventures: projects
funded by non-local entities.

Notably, government-invited galleries serve as catalysts for attracting additional in-
vestors, with all stakeholders leveraging social media as a primary promotional channel to
sustain XPV’s ICH tourism ecosystem. Complementing these efforts, the Quanzhou gov-
ernment has introduced a dedicated “white bus” transit network connecting key attractions.
As a taxi driver noted, “During holidays, traffic police are deployed to manage crowds, and
all major Quanzhou attractions remain free of charge,” reflecting a visitor-centric approach
to enhancing experiential quality.
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3.3. Spatial Changes in Multi-Party Governance

Located at the mouth of the Jin River, XPV is a typical marine fishing village. Sur-
rounding the village, there is the Mazu Temple, built in 1661 during the Qing Dynasty.
There are shopping malls, high schools, and elementary schools in the fishing village.
The commercial and residential areas established under the urban plan are located in the
northwest of the fishing village.

With the participation of multiple stakeholders, the fishing village space has under-
gone significant changes (Figure 6). Firstly, the function of the village space has transformed
from a single-purpose production and living space into a multifunctional composite space.
Satellite maps from 2006 show that the surrounding area of XPV was still not fully devel-
oped. Fenghai Road had not been completed, and on the southeast side of the village, there
was a large shallow beach with numerous puddles, which might have been used by local
residents for aquaculture. Seven years later, in 2013, the previously unused open space on
the southeast side of the village had completely dried up, and Fenghai Road was also dry,
with a commercial residential area established on the northwest side of the village. By 2013,
Fenghai Road had been fully repaired.

Figure 6. Urban renewal and change around XPV (2006–2024).

In 2022, another road starting from the southeast corner of XPV and extending to
the northeast emerged, and the vacant land to the east of this road was developed into
a commercial and residential area. The real transformation, however, took place after
2023. As ICH tours went viral on the Internet, many tourists flocked to XPV, leading to a
soaring demand for experience shops. In 2024, the second year after XPV gained popularity,
hundreds of experience shops and travel photography shops opened on both sides of XPV’s
main road. Moreover, the village established a visitor service center near the Mazu Temple,
turning it into a public space shared by both local residents and tourists.

The direct and indirect participation of multiple stakeholders has brought about
changes in the spatial layout of the fishing village. The government has played a pivotal
role in providing planning guidance and financial support, ranging from the overall
planning of the fishing village to the construction of infrastructure. From the “Quanzhou
City Xunpu Folk Culture Village Protection and Rectification Plan” issued by the Quanzhou
Natural Resources Bureau on 17 December 2013, and the “Fujian Provincial Traditional
Village: Protection and Development Plan for Xunpu Community, Donghai Street, Fengze
District, Quanzhou City (2024–2040)” released on 2 September 2024, it is not difficult to
observe the evolutions in government decision making under the joint participation of
multiple stakeholders.

Firstly, the planning scope has been expanded. It was initially delineated as 12 hectares
in 2013 and has now been increased to 51.56 hectares. Except for the core protection zone,
whose scope remains relatively unchanged, in 2024, the coastal scenery on the southwest
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side of Fenghai Road will be fully exploited to construct four parks and squares. The aim is
to create new trendy photo spots that align with the current popular esthetic preferences,
similar to those often seen on Internet celebrity check-in spots.

Tourists’ needs and feedback have exerted a significant influence on the design and
functionality of the fishing village space, propelling its transformation into a tourist-
oriented area. Tourists shape the spatial planning of the fishing village through their
tourism activities. For instance, the popular photography activities have led to a functional
transformation of the traditional spaces within the fishing village.

In 2013, the core protection zone of XPV was divided into five areas: The Folk Cultural
Activities Display Zone, the Religious Culture Pilgrimage Zone, the Special Architectural
and Cultural Display Zone, the Art and Culture Plaza Zone, and the Fishermen’s Production
and Experience Zone. However, the overall planning at that time was not detailed enough
and has undergone substantial changes since then (Figure 7).

 

Figure 7. Spatial change with multi-stakeholder participation 2013 (left) and 2024 (right).

In contrast, the 2024 planning scheme clearly demonstrates the influence of resident
participation, market regulation, and tourist feedback. For example, the Mazu Temple,
ancestral halls, oyster shell houses, seascapes, and fishing boats, which were originally
used by fishermen for religious rituals, worship, and daily living, have, due to their strong
regional characteristics and cultural significance, become popular tourist attractions or
been transformed into tourist shops and have been incorporated into the new planning.
During an interview, the staff of a travel photography shop replied that “This is a clan temple,
the ancestral home of a family, but now it serves as the studio of Earl’s Travel Photography Shop,
where tourists come to get their makeup done and take photos”(Table S1, F-3).

Moreover, some tourists expressed their dissatisfaction on the Internet, with comments
like “Zanhuawei” and remarks such as “There are too many people. It’s a dilapidated village,
and the experience is really poor” (Table S2, line 4). These feedback remarks were promptly
reflected in the transformation of the fishing village space. In October 2024, a Visitor
Experience Center was established, and new commercial establishments such as milk tea
shops, cultural and creative product shops, and coffee shops were added. Additionally,
new commercial spaces, including flower and fruit parks, bazaars, and cultural and creative
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neighborhoods, have been created to enhance the overall travel experience for visitors. In
response to tourists’ online complaints about the lack of parking spaces, the new plan has
also included two additional parking lots.

Overall, the synergistic influence of multiple stakeholders has resulted in demand-
driven transformations in the function, form, and utilization of the fishing village space.
Driven by the tourism boom, local residents have gradually converted the traditional
production and living space into a consumption-oriented one. They do so by opening ICH
experience halls to engage in market competition, creating photo-shooting scenarios with
distinctive XPV features to meet tourists’ demands, or selling local specialties along the
streets and in front of the residences.

The photos of girls adorned with hairpins and flower bows have gone viral on short
video platforms, portraying XPV as a picturesque and idyllic fishing village. Such a
beautiful imagination serves as the crux for the success of the Internet celebrity economy,
which entices people to flock to the tourist destination.

The involvement of capital has accelerated the commercial transformation of the
fishing village space. The impact of the Internet celebrity economy has attracted many
tourists to XPV to experience wearing Zanhuawei. Consequently, local residents’ houses
have been repurposed as ICHESs. Moreover, the Mazu Temple, the oyster-shell houses,
and even the Xunpu women have become popular Internet celebrity check-in spots, and
the living space has also been commercialized.

On the other hand, the cultural heritage mission of ICH is conducted by government-
organized groups and schools, which contribute to the sustainable development of
the fishing village space by participating in cultural activities and environmental
protection activities.

4. Discussion

4.1. E-Participation Spatial Governance Model for Fishing Villages

As part of digital social governance, the digitization of rural areas is growing rapidly
and has become an effective way to address rural development issues [56], but research on
digital governance has focused more on the technical aspects [57], such as the creation of
digitally smart villages explored in most papers in China [58]; the smart village proposal
initiated by the European Union [59]; and the digital inclusion strategy implemented in
the UK [60]. Although there is no lack of cases of economic transformation facilitated by
online communities in China (Zibo Barbecue [61], Tianshui Spicy Hot Pot [62], Luoyang
Hanfu [63], etc.), the case of fishing villages governed by multi-stakeholders through social
networks is rarely discussed.

The essence of public participation lies in citizens exercising their rights to ensure
their opinions are systematically incorporated into government decision making [64]. As
an extension of e-government and e-democracy, e-participation is widely recognized as an
online mode of public participation—a civic engagement mechanism enabling individuals
and organizations to influence policy making through digital platforms. This process
relies on information technology to facilitate involvement in managing public affairs,
aligning with the modernization of governance [53,65]. However, the difference between e-
participation and traditional civic participation is not only the difference between online and
offline modes; e-participation has the characteristics of high interactivity, real-timelessness,
inter-temporality, and anonymity brought by information technology. Especially with the
development of information technology and the evolution of public participation methods,
the governance model of fishing villages is changing.

The earliest governance of fishing villages was mainly based on clan participation and
decision making. However, due to national governance and urbanization, the governance
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of fishing village space has been decentralized. The planning of the fishing village space has
also been detached from the living and production experience of traditional fishing villages,
causing the fishing village to lose its original features. The subsequent main body of
governance consists of clan elders, grass-roots governments (village committees, township
governments), and villagers. The governance mechanism relies on traditional customs and
township rules and regulations, and spatial development depends on the development of
living and production activities. The popularity of social media has gradually compensated
for the previous shortcomings. Social media allows residents of fishing villages to obtain
policy information, learn about resource allocation dynamics, and stay instantly informed
about public affairs, reducing the distortion and lag in information transmission caused
by the hierarchical system. In addition, the user-generated content (UGC) model enables
marginalized groups in traditional governance, such as fishermen, women, and youth, to
voice their opinions through social media, creating online public opinion pressure, which
provides unlimited possibilities for public participation. Local residents in XPV can learn
about fisheries policy and tourism development through WeChat public numbers, WeChat
groups, and short videos.

In the era of new media, the governance pattern of fishing villages has undergone
a remarkable evolution. It has transitioned from the initial stage where government
departments took the lead in management, to a phase of de-governmentalization and
community autonomy, and ultimately towards the establishment of a comprehensive
governance community. This new model effectively mobilizes the resources of the state,
the market, and civil society, fostering a more collaborative and inclusive governance
environment [30]. Meanwhile, the competition for discourse power has gradually shifted
from the offline public domain to online social platforms. The original structure of the
discourse power system has been disrupted. The dominance of elites, the government, and
traditional media in terms of discourse power has been dispersed, while public intellectuals,
various public interest groups, netizens, and bloggers have emerged as forces with an
increasingly growing influence in shaping public discourse [66]. This shift has made e-
participation a powerful force in the governance of fishing villages. Instead of relying
on traditional promotion methods for ICH and tourism development, XPV has adapted
to the trends of the times. The government and civil society organizations first invite
celebrities and Internet influencers to experience the ICH items and then upload the
related photographs and videos on social media platforms to expand their influence. Then,
they invite renowned domestic photography studios to settle in XPV. By applying their
proven business models, the influence of XPV is further expanded. Finally, in the face of
the influx of tourists, the government responds to the challenges brought about by the
rapid development of the tourism industry by establishing tourist service centers and
improving infrastructure.

With the involvement of Internet celebrities and bloggers, ICH tourism has become
even more popular. On the one hand, Internet celebrities leverage the popularity of
celebrities to increase their own online traffic. On the other hand, they use their influence
to promote ICH tourism. Local residents have also embraced the tourism industry. Some
of them have chosen to open their own ICHESs or cooperate with others. Photo studios,
freelance photographers, and makeup artists have also joined the trend, and they attract
tourists by posting relevant videos and photos. At the same time, tourists’ online feedback
and discussions have expanded the online influence of the ICH. The scope of discussion
about the Zanhuawei is positively correlated with the diversity and number of users. The
rapid dissemination features of the Internet have accelerated the spatial diffusion of the
ICH. Although the ICHESs in XPV have reached a saturation point, their influence is
spreading to Quanzhou City, Fujian Province, and even across the whole country.
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4.2. The Social Network Jointly Constituted by Strong and Weak Ties

The change in strong and weak relationships has led to changes in the spatial gov-
ernance model of fishing villages. The traditional governance model of fishing villages
is dominated by strong relationships, but the addition of social media has brought the
advantages of weak relationships to the fore, compensating for the shortcomings of strong
relationships in the governance of fishing villages, and its influence has been expanding,
and it has even become the key to the transformation of the economy of fishing villages.

In his 1973 article ‘The Strength of Weak Ties’, the American sociologist Mark Gra-
novetter first proposed two models of relationships: strong ties and weak ties. Strong ties
are characterized by a high degree of information overlap, a high degree of trust, and a
small range, while weak ties are characterized by a low degree of information overlap
and a wide range of communication [67]. The social relationship in traditional fishing
villages is a typical “strong-tie” network. However, with the development of digital social
media, the social network of the fishing village has gradually become a pattern composed
of both strong ties and weak ties. Social media not only provide an online channel for
strong ties (e.g., WeChat) but also magnify the advantages of weak ties (e.g., Weibo, TikTok,
REDnote, etc.).

“The credit in rural society does not lie in the emphasis on contracts, but in the reliability
that emerges when one is so familiar with the norms of a behavior that it becomes instinctive” [68].
Marine fishing villages, due to their geographical isolation, have formed relatively closed
acquaintance-based societies dominated by strong ties rooted in blood, kinship, and fictive
kinship. Clan elders and other community leaders exercise “intergenerational authority”
to manage resources. Through long-term, high-frequency social interactions, villagers have
developed strong interpersonal trust. Modern relationships, such as cadre–community
ties and occupational networks, also contribute to these strong relational systems. As
village leaders have a sense of the local culture of the fishing villages where they have
lived for a long time, they will consciously undertake and fulfill their responsibilities
of representing the fishing villages in communicating with government agencies and
managing public affairs on behalf of the villagers [69]. The role of strong ties in promoting
ICH activities is manifested in fishermen’s preference for transacting and transferring
resources (e.g., property, land, and technical expertise) within their strong-tie networks. For
instance, in XPV, local residents have preferential access to prime and affordable housing
when establishing ICHESs compared to outsiders, thus leveraging familial, neighborly, and
acquaintance-based social ties.

The continuous evolution of society has spurred rural differentiation, with traditional
villages transitioning from subsistence economies to market-oriented systems [70]. The
interplay between state intervention—manifested through policies like fishery subsidies,
environmental conservation bans, and village committees’ integration of bureaucratic
regulations into acquaintance-based societies—and market forces (e.g., e-commerce) has
fostered the emergence of modern “weak ties”. This process has reshaped social networks
into a hybrid model of coexisting strong and weak ties, fundamentally altering the spatial
distribution of rural populations.

This hybrid social network extends beyond offline interactions. Online community
relationships, characterized as semi-familiar ties between acquaintances and strangers,
exhibit both connectivity and alienation—representing quintessential weak ties [71]. These
loose, fluid connections form spontaneously and scale easily. Catalyzed by the Internet,
they generate aggregation and fission effects [71]. For example, by 16 January 2025, a search
for “Zanhua Quanzhou” on REDnote yielded over 650,000 posts, and the most popular
post garnered 160,000 likes, 17,000 comments, and 59,000 saves.
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On the other hand, big data algorithms tailor content to users based on their prefer-
ences, enabling individuals with similar interests to cluster and form strong ties. These ties
influence both individual and collective social behaviors through the emotional bonds they
foster [72,73]. Empirical studies indicate that strong-tie networks exhibit higher emotional
intimacy, shared interests, and congruent values [74], which facilitate information exchange
and tailored advice seeking. For instance, individuals browsing Facebook demonstrate
preferential attention to strong-tie contacts, leading to enhanced self-esteem outcomes [75].
Similarly, celebrity–fan dynamics illustrate how strong ties motivate followers to amplify
exposure through repetitive social media actions (e.g., retweets, comments, likes). These be-
haviors, in turn, trigger aggregation and fission effects within weak-tie online communities.
Huang Liyong [76], the cultural ambassador for Xunpu women’s folk traditions in Fengze
District, has dedicated over a decade to promoting Xunpu culture. She said the following:

“Although many celebrities have engaged with ICH activities over the years, this sudden
surge in popularity this year caught everyone by surprise. After seeing Zhao Liying’s
photos, people from Beijing, Shanghai, and even overseas—such as Canada and the U.S.—
have flown here to experience Zanhuawei. Some have even contacted us to purchase
Zanhua materials for international shipping”.

This highlights how strong ties influence individual behavior, while weak ties, aug-
mented by online media, generate robust information aggregation and fission effects. It is
this dynamic synergy that empowers stakeholders to achieve governance of fishing villages
through social media platforms.

4.3. The Relevance of Social Media and Its Operating Mechanisms to Spatial Governance in
Fishing Villages

Historically, fishing village governance relied on three main actors: government
agencies, cooperatives, and clan elders. Government entities employed top-down spatial
planning, encompassing central policy oversight, local implementation, and resource
allocation. Cooperatives operated via market-driven self-regulation, while clan leaders
managed resources through kinship-based authority and traditional norms. Fishing villages
exhibited integrated spatial systems blending residential areas, productive zones (fisheries,
ports), and ecological habitats (marine environments) (Table 3). Traditional governance
faced limitations: isolation stifled economic diversity, administrative–custom conflicts
caused inefficiencies, and experience-based resource management lacked scientific rigor.

Table 3. Traditional fishing village governance patterns and their spatial characteristics.

Governing Body Intermediary Governance Mechanisms Spatial Feature

Clan elders

Offline focus

Bloodline authority,
township rules, customs

and practices
Living space Village, Mazu

Temple, clan hall, etc.

Cooperative
Economic self-reliance,

market regulation, laws and
regulations

Production space
Tidal zone, fishing

harbors, fishing
grounds, etc.

Government

Macro-control by central
government, policy
formulation by local

government, administrative
implementation by

grass-roots government

Ecological space
Marine resources,
intangible cultural

resources, etc.
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However, the popularization and application of social media have led to significant
changes in the governance model of fishing villages. Community relationships in online
environments are widely accepted in the context of real-world interpersonal alienation [71].
People who share the same needs or purposes can rapidly assemble via social networks
and form a group with weak ties. Moreover, depending on diverse needs, individuals can
simultaneously join multiple communities or switch between different ones, giving rise to
a phenomenon known as “mobile aggregation”. This mobility has greatly facilitated the
dissemination of information among different groups and propelled the explosive develop-
ment of weak relationships within communities. For example, live-streaming e-commerce
and community group purchasing are direct products of the development of weak relation-
ships [77]. ICHESs fully leverage weak ties through platforms like REDnote, TikTok, and
Weibo to conduct fission-style information dissemination. The photos of Zanhuawei taken
by tourists and shared on WeChat Moments can serve as effective promotion. Therefore,
social media platforms have become crucial media for information dissemination, public
opinion supervision, and resource matching.

Foreign investors develop tourism activities by injecting capital. For instance, they
acquire or lease local residential houses and transform them into homestays or ICHESs,
which has led to the commercialization of living spaces. Tourists and netizens have
transitioned from being mere onlookers to active space shapers. They influence the image
of fishing villages through online reviews, check-ins, and sharing of experiences, thereby
indirectly participating in governance decisions and promoting the symbolization of the
spatial aspects of fishing villages. Their online complaints and negative reviews prompt the
government to improve the environment and upgrade infrastructure. Government agencies
and social organizations can utilize social media to promote local culture, popularize
scientific knowledge, and advocate for environmental and cultural heritage protection.
Villagers can also leverage live streaming and online promotion to attract tourists to their
shops to experience traditional ICH, thus securing a place for themselves amidst the influx
of external capital.

When all stakeholders jointly engage in the spatial governance of fishing villages
via social media, these villages continue to evolve, developing cultural spaces, capital-
ized spaces, consumption spaces, and even virtual community spaces (Figure 8). Social
media has broken the isolation of the traditional governance model, giving rise to a new
scenario where multiple entities interact and compete. Online public opinion and feed-
back have a reciprocal impact on the governance plans and spatial planning of fishing
villages. Moreover, the spatial functions have expanded from “production–living–ecology”
to “consumption–capital–culture”.

Figure 8. Governance patterns and spatial characteristics of fishing villages after multi-stakeholder
participation.
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4.4. The Meaning of Social Media Participation

XPV’s transformation stems from the synergy between its unique ICH and contempo-
rary trends. Fishing village spatial governance is a multi-stakeholder process involving
traditional models centered on government, fishing communities, and clan authorities.
The integration of social media has revitalized governance dynamics by introducing new
participatory mechanisms.

In the governance system of fishing villages, the government consists of various
types of administrative units at all levels. Their relationships are mainly manifested
as leadership and subordination, guidance and being guided, supervision and being
supervised, and collaboration and cooperation. These relationships exist not only between
superiors and subordinates but also among peers [78]. The most significant aspect of social
media’s participation is that it breaks down the distortion, inefficiency, and inequality of
information that occur during the information uploading and downloading processes in
the traditional governance system. The state-led community participation model, without
sufficient democratization and the inability to resolve structural contradictions, fails to
achieve the expected community-building goals. Consequently, residents’ cohesion and
sense of belonging are limited.

During the process of community building and village regeneration, it is crucial
to recognize that folklore is territorial, with each place having its unique folklore. The
involvement of social media has provided a new platform for this local folklore in the
era of rapid development. No matter how niche the folklore may be, it has the potential
to thrive on the Internet, and building folklore into a local brand can therefore more
effectively stimulate the local economy. The social Internet can amplify individual voices
and demonstrate the strong vitality of collective power.

As direct beneficiaries and stakeholders in fishing village governance, villagers shape
spatial dynamics through their daily production and livelihood activities. Social media
platforms have empowered marginalized groups by providing channels for self-expression,
transforming their cultural identities into assets that mitigate passive roles in traditional
development narratives. The experiential and novel tourism demands amplified by social
media align with villagers’ unique cultural practices, which resist full commodification by
capital. Despite economic transitions, residents maintain customary lifestyles, integrating
traditional festivals and rituals into tourism offerings. This preserves authenticity while
attracting visitors, creating a symbiotic relationship between heritage conservation and
spatial transformation. Fishing village economies have transcended the reliance on fish-
eries, with tourism emerging as the catalyst for spatial reconfiguration. Tourism-driven
development has shifted spatial functions from production to consumption, yet the indus-
try adapts to modernity by intertwining ICH preservation with visitor experiences. This
approach avoids abrupt ruptures with historical practices, ensuring continuity between
tradition and modernity. Rather than polarizing locals and tourists, this model represents
organic, community-led innovation that balances cultural integrity with economic viability.
It exemplifies how grassroots agency, mediated through digital platforms, can redefine
governance paradigms while safeguarding spatial and cultural authenticity.

However, it is worth noting that the process of digital engagement encounters various
challenges such as the authenticity of platform data and the authenticity of information
disseminated by users: 1. The authenticity of platform data: digital media platforms are
profit-oriented, and their internal operation mechanism itself is a manifestation of power;
for example, China’s microblogging platform has established a heat list, which can be
paid to move content to the list, thus increasing exposure [79]. 2. The authenticity of the
information disseminated by the users: for example, some Netflix stars fabricate dramas
and pose for photographs to attract traffic [80]. When someone consciously pushes or blocks
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comments or content (opinion control, platform traffic limitation, deletion of comments,
platform intervention, etc.), the authenticity and effectiveness of digital engagement are
therefore greatly reduced.

5. Conclusions

This study delves into the ways in which multiple stakeholders engage in the spatial
planning and governance of fishing villages via social media and arrives at the following
results: 1. Government agencies, social organizations, villagers, external investors, tourists
and netizens jointly engage as multi-stakeholders. 2. Social media is the main platform
for participation. 3. The representation of space has changed from concentrated zoning to
decentralized dispersion. Under the joint governance of multiple stakeholders, there are
further findings: 1. Social media addresses the deficiencies inherent in the traditional spatial
governance model of fishing villages. E-participation disrupts the original structure of the
discourse power system, offering effective means and methods for diverse stakeholders to
partake in governance. 2. Social media shatters the monopoly of traditional fishing village
governance, which was previously dominated by strong relationships. The advantages of
weak relationships are significantly amplified, emerging as a crucial complement to the
governance relationships within fishing villages. 3. Users can attain objectives such as
increased visibility, follower growth, and business transformation through a series of mech-
anisms, including social media content dissemination, traffic competition, public opinion
guidance, interaction, and data analysis. The integration of this operational mechanism
with the spatial governance of fishing villages has become an essential supplement to the
overall spatial governance framework of these villages.

However, the model of fishing village spatial governance with the involvement of
multiple stakeholders under the influence of social media also has its drawbacks:

1. Dissolution and re-creation of ICH. Social media expedites the infiltration of foreign
cultures. Traditional customs are simplified into performative forms, traditional
costumes evolve with new aesthetic trends, and the traditional cultural space is
transformed into a tourist symbol and a space for virtual consumption. For instance,
the popular Zanhuawei from XPV circulating on the Internet often deviates from
the most traditional styles. Even though local residents may not endorse this new
aesthetic, they still recommend these new Zanhuawei styles to customers to meet
their demands.

2. Community fragmentation and intergenerational conflicts. This is mainly manifested
in the digital divide, which marginalizes the elderly from the decision-making process.
While external forces such as fishermen, tourists, and non-governmental organizations
(NGOs) now have more direct access to participate in governance, it also brings
challenges such as information distortion and unequal participation opportunities.
The weakening of traditional clan authority has exacerbated the imbalances within the
community’s power structure. Not all residents in XPV have embraced the tourism
industry. There are still those who persist in their traditional livelihoods, such as
prying oysters. They fail to comprehend the enthusiastic behavior of tourists and are
unable to benefit from the booming tourism industry. Moreover, the occupation of
fishing village spaces by foreign tourists and investors has undermined the spatial
rights of some of the indigenous inhabitants.

The model of fishing village spatial governance through community media and the
collaborative participation of all stakeholders has emerged as a paradigm that rectifies the
shortcomings of previous fishing village regeneration cases. It showcases the outcomes
of non-collective planning and restores the spatial development of fishing villages to the
combined influence of human activities, the living environment, and economic develop-
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ment. This represents a form of collective wisdom of the people that is highly adaptive to
the current situation and has emerged spontaneously. Finally, as a case study can be too
one-sided and lack generalizability, we plan to use another larger study area or multiple
communities as the subject of our future research to discuss the generalizability of the
model in depth.
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Abstract: Marine plastic pollution (MPP) has become one of the most pressing environ-
mental challenges, severely affecting marine ecosystems and human health. Even though
international agreements such as UNCLOS and the International Convention for the Pre-
vention of Pollution from Ships (MARPOL) of the International Maritime Organization
(IMO) exist, the existing laws are often being introduced to question the inability of the
present laws to do something about the escalating issue of plastic pollution. This study
uses a doctrinal legal approach to examine how UNCLOS and MARPOL respond to marine
plastic pollution (MPP) with a focus on their ability to handle land-based and ship-based
MPP. Gaps in these frameworks are underlined, such as a lack of enforceable requirements
under UNCLOS on reducing plastic rubbish from LBS and disparities in implementing
MARPOL’s regulations on plastic discharges from ships. This paper also explores activities
of organizations such as the United Nations Environment Programme (UNEP), with a
focus on the Regional Seas Programme and the Global Programme of Action. Although a
lot has been achieved, much remains to be done to resolve the problem of marine plastic
pollution. This paper concludes with a series of practical proposals aimed at refining
international laws, strengthening enforcement, and encouraging collective action at the
international level. The proposed measures are aimed at advancing a circular economy
model, strengthening legal infrastructure, and fostering a single global response against
marine plastic pollution.

Keywords: marine plastic pollution; UNCLOS; MARPOL; IMO; UN environment
programme; best environmental practices; global programme of action

1. Introduction

Pollution is one of the most pressing issues faced by the contemporary world, and
people have greatly contributed to pollution in different ways. It affects land and the
atmosphere, but most prominently waters, which account for almost 71% of the earth’s
surface [1–3]. Water pollution is particularly alarming as it causes the spread of numerous
viruses and diseases. Although land pollution is also the source of numerous diseases,
oceanic water evaporates, mixes with the air, and returns as rain, bringing pollution back
to the land. This cyclic process thus creates a dual burden on ecosystems [4,5]. Therefore,
marine pollution does not just affect the marine ecosystem and marine life, but it also has a
significant impact on human life [6,7].

The article of the United Nations Convention on the Law of the Sea (UNCLOS)
defines pollution of the marine environment as “The introduction of materials or energy by
humans, either directly or indirectly, into the marine environment, involving estuaries” [8].
This definition highlights three key components: elevated pollutant concentrations in
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various media, such as water, soil, and marine organisms, often termed contamination; the
contaminants themselves; and the potential for significant ecological and human health
impacts [9].

Marine plastic pollution (MPP) has emerged as one of the most urgent environmental
issues of the 21st century. The rapid increase in plastic debris within oceans is having
severe consequences for marine ecosystems, human health, and economic stability. Despite
the widespread use and benefits, plastics have become a persistent pollutant due to their
slow degradation, leading to extensive environmental damage over decades [10]. Studies
have demonstrated that there is a substantial amount of plastic garbage in the world’s
oceans, which contributes to the loss of marine biodiversity and poses health hazards to
humans through the food chain [11–14]. The production and consumption patterns of
modern civilisation have exacerbated the problem, with approximately 80% of marine
debris originating from land-based sources (LBS) [15]. This issue is further compounded
by the increasing use of single-use plastics and the growing human population, which
together contribute to the rising levels of marine litter [11].

MPP impacts are broad and severe. It poses ecological threats to marine life through
entanglement, ingestion, and habitat disruption. Additionally, it facilitates the spread of
invasive species and harmful substances [16]. The consequences on the economy are as
severe, including industries like tourism, fishing, and maritime operations, with substantial
expenses linked to cleanup activities and harm to marine sectors [17]. Furthermore, the
contamination of human food sources with microplastics poses potential health risks,
emphasising the urgent need for effective regulatory measures [18,19].

International legislation designed to tackle MPP has been instituted, although its
efficacy is being questioned [20]. The United Nations Convention on the Law of the Sea
(UNCLOS) and the International Maritime Organization’s (IMO) International Convention
for the Prevention of Pollution from Ships (MARPOL) are pivotal to these initiatives.
UNCLOS provides a legal framework defining the rights and responsibilities of nations in
using the oceans. Part XII focuses on protecting the marine environment and mandates
states to prevent and control pollution from any source [8]. Similarly, MARPOL Annex V
specifically prohibits the disposal of all plastics into the sea and regulates the disposal of
other types of garbage from ships [14,21]. Notwithstanding these frameworks, the challenge
of MPP persists, largely due to limitations and gaps in these regulations [22,23]. For
example, while MARPOL has stringent rules for ship-based pollution, enforcement varies
by country, and illegal dumping continues to be a problem [24,25]. Similarly, UNCLOS
addresses pollution broadly but does not provide specific mechanisms for reducing plastic
waste from LBS [13,14,24,26].

Furthermore, several challenges hinder the effectiveness of existing international
regulations in addressing MPP. The fragmented framework of international law poses a
significant challenge in addressing plastic pollution, as it overlaps with diverse fields like
maritime regulations, environmental protection, and waste management, leading to incon-
sistencies and a lack of unified governance. The United Nations General Assembly (UNGA)
has recognised this phenomenon of international law fragmentation, which complicates the
implementation and enforcement of comprehensive solutions to complex environmental
issues like MPP [27–30]. Another significant challenge is the focus of international maritime
environmental law on downstream activities, often overlooking upstream sources of plastic
pollution. While MARPOL addresses pollution from ships, it does not adequately tackle
land-based sources, which contribute a substantial portion of marine plastic debris [31].
Effective management of plastic waste requires robust regulations that encompass the
entire lifecycle of plastics, from production and consumption to disposal and recycling.
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Internationally, the legal and governance frameworks addressing MPP have been
fragmented and insufficient. While conventions such as UNCLOS and the 1974 Paris
Convention have established some guidelines for managing marine pollution from LBS,
these measures have often lacked binding obligations and comprehensive enforcement
mechanisms [32]. The challenge of MPP requires a cohesive and multifaceted legal approach
that integrates sustainable production, waste management, and marine environmental
protection at global, regional, and national levels [33].

This paper utilises a doctrinal legal methodology to evaluate the efficacy of exist-
ing international legal frameworks in managing MPP, with a specific focus on UNCLOS
and MARPOL. Through rigorous analysis, it identifies critical deficiencies and proposes
enhancements aimed at bolstering regulatory effectiveness and safeguarding marine ecosys-
tems from plastic contamination [34]. This issue’s severity is highlighted by its significant
effects on marine biodiversity, human health, and essential economic sectors, including
fisheries and tourism. Plastic debris in marine environments degrades into microplastics,
infiltrating the food chain and posing significant health risks [14,35]. Moreover, the eco-
nomic ramifications encompass substantial costs associated with beach clean-ups, damage
to fishing equipment, and reductions in tourism revenue [14]. Despite the existence of
regulatory frameworks, such as UNCLOS and MARPOL, these instruments often suffer
from inadequate enforcement mechanisms and lack binding obligations [32]. Effectively
addressing MPP demands a unified global strategy that integrates sustainable production
practices, robust waste management systems, and comprehensive marine environmental
protection initiatives [33]. This research underscores the imperative for enhanced inter-
national collaboration and stringent regulatory measures to mitigate the pervasive threat
posed by marine plastic pollution. Section 1 provides the study’s background. Section 2
examines the impacts of MPP on marine ecosystems and human well-being, establishing
a foundation for understanding its antecedents. Section 3 highlights the ecological and
economic impacts of MPP. Section 4 analyses various international legal instruments and
governance frameworks addressing MPP. Sections 5 and 6 evaluate UNCLOS and MARPOL
frameworks, respectively. Section 7 offers a comprehensive discussion and conclusion.

2. From Source to Sea: Assessing the Ecological and Human Health
Impacts of Micro-Plastics in Marine Ecosystems

Plastics are versatile materials that offer numerous benefits to society and individuals
in their daily lives. However, the accumulation of plastics in the environment is a signifi-
cant concern, and due to their slow degradation, this issue will persist for decades. The
generation of litter is one of the primary consequences of the production and consump-
tion models adopted by modern civilisation. Waste is a critical environmental problem
that demands increased attention in the search for solutions, especially with regard to
marine pollution [10]. Solid waste-related marine pollution is emerging as a global issue
with consequences that extend across generations. There is evidence that this problem
is persistent and worsening, despite decades of efforts in many countries to prevent and
reduce marine litter. This trend can be attributed to the growing prevalence of single-use
consumption practices and increasing human populations [11]. Approximately 80% of
the billions of tonnes of rubbish that are dumped—intentionally or unintentionally—into
the seas each year originate from LBS [15]. Due to the historical perception of the seas as
places to dispose of trash, persistent pollutants have now become significant contributors
to environmental issues.

Globally, plastic pollution is recognised as a significant problem caused by human
activities, which has profound impacts on marine and coastal ecosystems [36]. Anthro-
pogenic sources contribute to an unprecedented and continuous accumulation of plastic

30



Water 2025, 17, 1547

pollutants in various aquatic environments, resulting in the disruption of ecosystem struc-
ture, functioning, and, ultimately, the direct or indirect degradation of ecosystem services
and values. The primary sources of these pollutants, which reach the ocean through various
means, include both land-based and sea-based sources [37]. Although the complete effects
of MPP on the environment and human health are still unknown, they have the potential
for significant impacts, especially concerning “microplastics”. These microplastics are
increasingly being released into domestic wastewater streams and are formed as larger
plastic debris degrades over time. These particles are also commonly found in skincare
products and synthetic apparel [38]. Human exposure to and consumption of microplastics
have been linked to an increasing number of disease disorders [6,7,39]. The magnitude
of potential health effects on humans might be evaluated by the discovery made by the
University of Ghent in 2014: an individual may invest up to 11,000 small pieces of plastic
in their seafood annually [40].

The biological effects of MPP are numerous and diverse, including endangering
wildlife through choking and starvation, facilitating the spread of invasive alien species
(IAS) and other potentially harmful organisms to new areas, and transporting toxic chemi-
cals and persistent organic pollutants (POPs), among others [16]. According to an investi-
gation that collected samples of Arctic Sea ice from five different locations, an investigation
that analyzed Arctic Sea ice samples from five distinct locations found concentrations
exceeding 12,000 microplastic fragments per liter, indicating the widespread presence
of plastic waste and microplastics throughout the world’s oceans. are now widespread
in the world’s oceans [41]. Currently, an estimated 9–13 million tonnes of plastic waste
enter the ocean every year. However, considering the reported plans of the widespread
petrochemical industry to expand plastics production, partly as a precautionary measure
due to the potential decrease in demand for their fuels in response to global warming, this
figure could significantly increase. Plastic, along with microplastic debris, has a detrimental
impact on society, the environment, and the economy. This includes the injury or death of a
marine species and its entry into the food web, which raises health concerns [42].

The establishment of ideas and strategies for reducing marine microplastic contami-
nation is in great demand [43]. The lack of expertise in this field is driving the expansion
of research on the topic. Recent studies have revealed that certain types of polymers can
undergo biodegradation by various bacteria, bacterial consortia, biofilm-forming bacteria,
and fungi [44]. Biodegradation is influenced by various parameters, such as the type
of microorganism, polymer form, their physicochemical properties, and environmental
conditions. Plastic pollutants are dispersed throughout ecosystems in multiple forms and
sizes, including megaplastics, macroplastics, mesoplastics, and microplastics.

Microplastics, including both primary and secondary particles, are extensively dis-
tributed in the water, sediments, and organisms of marine and coastal ecosystems [45].
Microplastic levels in coastal and marine ecosystems globally range from 0.001 to
140 particles/m3 in water and 0.2 to 8766 particles/m3 in sediments. The accumulation
rate of microplastics in coastal and marine species varies from 0.1 to 15,033 counts. Conse-
quently, plastic pollution has a broad range of negative consequences, including ecological
and socioeconomic implications. Entanglement, toxicological consequences from plastic
ingestion, asphyxia, hunger, organism dispersal, rafting, provision of novel habitats, and
the emergence of invasive species are all significant ecological effects that pose increasing
risks to biodiversity and trophic connections [46]. Degradation—alterations in ecosystem
condition—and alterations to marine systems are related to the loss of ecosystem services
and value. Consequently, this new pollutant has a detrimental impact on socioeconomic
factors, including tourism, shipping, fisheries, and the well-being of people.
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Presently, environmentally friendly alternatives to plastic, derived from recyclable
materials, are entering the market [47]. Practical measures to combat plastic pollution
include preventing the accumulation of plastic pollutants from various sources, promoting
the 3Rs (reduce, recycle, reuse), raising awareness and enhancing capabilities, and enforcing
manufacturer accountability [48]. Existing and implemented policies, laws, regulations,
and efforts at the regional, global, and national levels are crucial in minimising plastic
waste in marine and coastal areas.

3. Ecological and Economic Impacts of MPP

Although the majority of marine litter accumulates in coastal areas, plastic, including
microplastics, is dispersed across the ocean, with higher deposition occurring in the conver-
gence regions across all five subtropical ocean gyres [49]. Plastic pollution has long been
recognised as a significant danger to the marine ecosystem. Specifically, the effects of MPP
will be discussed in this section.

3.1. Threats to Marine Life

Marine organisms face significant threats from MPP, including entanglement and
ingestion [50]. Entanglement in abandoned fishing gear, known as ghost nets, and other
plastic debris, like packaging materials, can lead to severe physical harm or death for
marine animals. Studies have shown that ghost nets continue to trap and kill marine life
for extended periods, varying based on factors such as the type of gear and its location.
This entanglement can result in injuries or death for various marine species, including
whales, dolphins, seals, and seabirds, who often become trapped by their necks, flippers,
or wings [39,51].

Ingestion of plastic debris also poses a critical threat to marine organisms. Animals
may mistake plastic particles for food, leading to intestinal blockages or malnutrition due
to the lack of nutrients, which can cause starvation [52]. Additionally, microplastics, tiny
plastic particles resulting from the breakdown of larger debris, have been found to bioaccu-
mulate across all levels of the food web. These microplastics can carry harmful pollutants,
including persistent organic pollutants (POPs), heavy metals, and plastic additives, which
can be toxic to marine life. The transfer of microplastics through trophic levels can amplify
their harmful effects, impacting entire ecosystems [39,51].

3.2. Contamination of Human Food Sources

The pervasive presence of microplastics in foods consumed by humans, especially
through wild-caught fish, raises significant concerns about the potential health implications.
Recent studies revealing that microplastics were found in the digestive tracts of a substantial
percentage of various fish species highlight the extent of MPP. Specifically, research showing
that 66% of 498 studied fish species contained microplastics [53], alongside findings from
New Zealand where three-quarters of commercially caught fish were contaminated [19],
underscores a critical environmental and public health issue.

From a researcher’s perspective, the ingestion of microplastics by marine organisms
not only signifies a direct threat to marine life but also poses a significant risk to human
health. The consumption of whole organisms such as sardines and shellfish, which are
not gutted before consumption, exacerbates this risk by increasing exposure to both the
physical presence of plastics and the toxic chemicals they may carry [18,19].

3.3. Psychological and Emotional Effects

There is substantial evidence indicating that marine litter can negatively impact the
mental health benefits individuals derive from the ocean’s aesthetic and therapeutic value.
Therefore, a study highlights that the presence of marine litter can disrupt the mental health
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benefits associated with natural environments, as these spaces are often used for relaxation
and recreation [17]. Likewise, plastic pollution and marine litter—global partnership
facilitated by the UNEP—indicates that Marine Plastic Pollution (MPP) adversely affects
not only the environment but also its cultural and spiritual activities. The existence of
plastic litter in the sea can interfere with traditional practices and reduce cultural value
that goes along with the coast, as has been reported by Trash Free Maryland [50]. However,
the frustration of cultural rituals and failure in maintaining a spiritual relationship that
many communities have with the ocean, which is vital for their cultural legacy, is caused
by plastic pollution in the ocean.

3.4. Economic and Socio-Cultural Consequences

Marine litter also has considerable indirect impacts, particularly on small-scale fishing,
tourism, and recreation industries. These indirect costs, though challenging to quantify, can
disproportionately affect individuals whose livelihoods depend on coastal activities [54].
For example, small-scale fisheries face reduced catches and damage to vessels and gear,
leading to devastating economic consequences. The European Union (EU) estimates that
the fishing sector loses up to EUR 65 million annually due to vessel and gear damage, as
well as decreased catches resulting from ghost fishing, where abandoned gear continues to
trap marine species.

Tourism and recreation industries also experience significant losses due to marine
litter. Polluted beaches can deter tourists, leading to a decline in local revenue. The
costs associated with cleaning up beaches are substantial; the EU spends up to EUR 645
million per year on these efforts. In addition to these indirect impacts, marine litter incurs
direct economic costs. Accidents caused by navigation hazards and fouling from marine
debris can lead to substantial expenses for maritime operations. Ensuring the safety and
cleanliness of coastal and marine environments is essential for maintaining the economic
viability of activities such as fishing, tourism, and recreation [17].

In addition to these indirect impacts, marine litter poses direct economic costs. Acci-
dents caused by navigation hazards and fouling from marine debris can incur significant
expenses for maritime operations. Ensuring the safety and cleanliness of coastal and marine
environments is crucial for maintaining the economic viability of activities such as fishing,
tourism, and recreation [17,55]. New worldwide developments have greatly increased the
global strategy of dealing with the problem of plastic pollution in various countries. The
United Nations Environment Assembly (UNEA) has come through with many resolutions
geared towards marine plastic pollution. Thus, it is evident that a global layered response
is necessary. With the negotiations and the prospect of enacting the Global Plastics Treaty,
which will establish enforceable rules for managing a state’s plastic waste to occur across
the world, it is evident that the international community is approaching a pivotal moment
in addressing this urgent issue m. This current advancement reflects the transition to a
larger regulatory regime with legally binding instruments supporting the United Nations
Convention on the Law of the Sea (UNCLOS) and the International Convention for the
Prevention of Pollution from Ships (MARPOL).

4. International Legal and Governance Frameworks for Addressing
MPP

Sustainable production and consumption [56], the circular economy [33,57], waste
management, freshwater resource management, biodiversity protection, and marine pollu-
tion are among the environmental issues that require a comprehensive blend of legislation
to be effectively implemented at regional, global, and domestic levels of governance [33].
This is necessary to tackle the increasing challenge of plastic waste in the environment
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as a whole, and the multifaceted problem of MPP in particular [58]. Because of this, the
MPP challenge is commonly linked to the extensively acknowledged phenomenon of
international law [32] fragmentation, as well as related issues with legal coherence [27,59].

However, historically, the international legal approach has tended to focus on the
framework provided by international maritime environmental law, often overlooking the
need for control over the “upstream” activities that contribute to plastic waste. Neverthe-
less, it is increasingly evident that laws pertaining to freshwater resource environmental
management will be crucial in combating MPP. The effective establishment and implemen-
tation of relevant international water law regulations will be crucial, especially in the case
of vast transboundary watercourses that carry a significant portion of the plastic waste that
ultimately reaches the seas.

4.1. Historical Legal Framework: Marine Pollution from LBS in International Law

MPP is primarily defined as a pollution issue arising from LBS within the framework of
international marine environmental legislation, which has been subject to treaty protections
for over 50 years. State parties were required by the Convention for the Prevention of
Marine Pollution from Land-Based Sources, 1974 (Paris Convention 1974) [60,61] to take
action to completely eradicate pollution of the maritime area concerning chemicals listed
in Annex A, Parts I and III, as well as to severely restrict contamination of the marine
area about substances included in Annex A, Part II. However, the Paris Convention 1974
was widely perceived as having limited legally binding obligations and a weak normative
basis. Article 4(3) of the Paris Convention 1974 emphasised the importance of developing
new guidelines and standards, including “specific regulations or standards governing
the quality of the environment, discharges into the maritime area, such discharges into
watercourses and emissions into the atmosphere as affect the maritime area, and the
composition and use of substances and products” [60]. Therefore, while acknowledging
the complexity of the challenge and the need for diverse legal approaches to tackle LBS, the
Paris Convention 1974 explicitly recognised the substantial impact of pollutants transported
through watercourses and the crucial role of freshwater pollution control measures. This
fact remains applicable to MPP as well.

UNCLOS [62], which addresses the issue of LBS in Articles 207, 194, and 213 of its text,
provides the overall worldwide legal framework that exists today. Nonetheless, UNCLOS is
frequently viewed as legally ambiguous and devoid of explicit and mandatory obligations
for the state parties, as it takes a similar approach to that outlined in the Paris Convention
1974. For example, Article 207 of UNCLOS only mandates that States “adopt laws and
regulations to prevent, reduce, and control pollution of the marine environment from
land-based sources, including rivers, estuaries, pipelines, and outfall structures, taking into
account internationally agreed rules, standards, and recommended practices and proce-
dures” [8]. Nevertheless, there have been limited globally recognised guidelines or norms
that can guide national regulatory actions and be acknowledged under international law
or state practice [63]. Commentators emphasise that, in contrast to this lack of normative
clarity, UNCLOS does not impose any obligations to adhere to norms or standards, nor does
it establish a specific timeframe for taking action. They also associate these shortcomings
with an increased risk of legal fragmentation [64].

While the UNEP utilised the 1985 Montreal Guidelines [9] as “recommended practices
and procedures” with the explicit aim of assisting states in developing national legislation
and elaborating more specific international instruments, these guidelines were also per-
ceived as overly general and lacking specificity. It seems that they have received relatively
limited support in terms of state practice. The International Law Association (ILA) [65]
first adopted model rules in 1972. Articles 207 and 213 of UNCLOS have faced criticism
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for attempting to “incorporate all possible contaminants originating from land under a
single all-encompassing article”, despite the fact that the various pollutants from LBS
that harm the marine ecosystem have distinct origins, characteristics, and impacts [66].
As a consequence of this persistent issue, marine plastic has been classified under the
broader category of “litter” and has not historically received prioritised attention, despite
the continuous call to address it throughout the development of international standards on
pollution from LBS [67].

Article 194(1) of UNCLOS says “to safeguard and sustain the marine environment”,
which amounts to a compelling due diligence requirement to “take, individually or jointly
as appropriate, all measures consistent with this Convention that are necessary to pre-
vent, reduce and control pollution of the marine environment from any source, using for
this purpose the best practicable means at their disposal and in accordance with their
capabilities” [8].

Article 194(2) of UNCLOS speech makes it abundantly evident that this expansive
duty includes a general need for states to govern all pertinent, possibly harmful conduct
under their control in a way that prevents contaminants of the marine environment within
other maritime states’ territorial waters in marine areas outside of their national jurisdiction:
“States shall take all measures necessary to ensure that activities under their jurisdiction
or control are so conducted as not to cause damage by pollution to other states and their
environment and that pollution arising from incidents or activities under their jurisdic-
tion or control does not spread beyond the areas where they exercise sovereign rights in
accordance with this convention” [8].

It is evident that these fundamental marine pollution provisions of UNCLOS necessi-
tate that states exercise due diligence concerning various inputs of plastic waste, with a
specific emphasis on addressing pollution in significant drainage basins, including interna-
tional watercourses. This focus is supported by established knowledge regarding global
dispersal patterns, sources, and the extensive range of adverse impacts caused by MPP.
Article 213 of UNCLOS explicitly states that when it comes to the prevention, mitigation,
and control of pollution from LBS more generally, the responsibility of due diligence is both
mandatory and crucial. “States shall enforce their laws and regulations adopted following
Article 207 and shall adopt laws and regulations and take other measures necessary to
implement applicable international rules and standards established through competent in-
ternational organisations or diplomatic conference to prevent, reduce and control pollution
of the marine environment from land-based sources” [8].

Current soft-law rules and standards are not completely underdeveloped regarding the
management of pollution in international watercourses compilation of pertinent “interna-
tionally agreed rules, standards and recommended practices and procedures”, which could
help clarify the legal precautions required of states to meet the aforementioned diligence
standards [8], which are generally lacking in detail. Especially, the Montreal Guidelines
from UNEP in 1985 suggest in Guideline 5(3) that, “if discharges from a watercourse which
flows through the territories of two or more States or forms a boundary between them are
likely to cause pollution of the marine environment, the states concerned should cooperate
in taking necessary measures to prevent, reduce and control such pollution” [68].

Furthermore, Guideline 5(2) urges non-coastal states to “cooperate in preventing,
reducing, and regulating pollution of the marine ecosystem originating or predominantly
originating from discharges within their territories into or through water basins or water-
courses that flow into the marine environment” [68]. Chapter 17, Paragraph 24 of Agenda
21, which focuses on the protection of the seas and oceans, is valuable in that it recognises
the need to adopt a comprehensive, multi-sectoral approach to safeguard the marine ecosys-
tem as a whole. It emphasises the commitments that states have already made regarding
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marine biodiversity [69] and calls for additional action by the UNEP concerning the is-
sue. Ultimately, this resulted in the adoption of the Global Programme of Action for the
Preservation of the Marine Ecosystem from Land-Based Activities (GPA) in 1995 [70–72].

It has long been acknowledged that a more comprehensive global regulatory frame-
work is needed for the distinct issue of LBS. In the long run, a global convention might
be prepared “based on additional knowledge gained in the establishment and implemen-
tation [73] of regional, sub-regional, and bilateral treaties and taking into consideration
principles or guidelines at the global scale developed within the framework of UNEP” [74],
according to the 1982 Montevideo Programme for the expansion and periodic assessment
of environmental law. The establishment of a comprehensive framework “for the long-term
development of a worldwide treaty on pollution from terrestrial sources” is listed as one
of the key objectives of the 1985 Montreal Guidelines. However, instead of adopting a
legally binding global convention, the international community eventually embraced a
non-binding instrument that included a formal declaration of standards and was accom-
panied by a detailed action plan [63]. This was a response to the UN Secretary–General’s
strong plea to the Committee on Preparation for the 1992 UNCED Conference in Rio to
modify the global conventional framework by incorporating LBS and establishing “general
principles for global application that would inspire, motivate, and guide national and re-
gional measures” [69,75]. Similarly, the Table 1 summarizes key findings on marine plastic
pollution (MPP) and its broad impacts. It highlights that 80% of ocean plastic originates
from land-based sources, with serious economic consequences, such as EUR 65 million in
annual losses to EU fisheries and EUR 645 million in beach cleanup costs. Additionally,
it underscores the health risks of microplastic ingestion, threats to marine biodiversity,
cultural disruptions, and the ineffectiveness of current legal frameworks like MARPOL
and UNCLOS, due to weak enforcement and limited jurisdiction.

Table 1. Key findings on Marine Plastic Pollution (MPP) and economic impacts.

Aspect Findings/Results Sources

Marine Plastic Pollution (MPP) 80% of ocean plastic waste originates from land-based sources (LBS) [10,15]

Economic Impact on Fisheries EU fishing sector loses EUR 65 million annually due to damage from plastic waste [17]

Economic Impact on Tourism EU spends EUR 645 million annually on beach cleanups [17]

Impact on Marine Biodiversity Microplastics in marine organisms; 66% of 498 fish species studied
contained microplastics [19,53]

Health Impacts of Micro-plastics Ingesting microplastics was linked to health issues such as endocrine disruption [6,7]

Cultural Impact Marine litter affects cultural practices and spiritual connections to oceans [55]

International Legal Efforts UNEA and Global Plastics Treaty negotiations aim to create enforceable global
plastic waste management rules [23,33]

MARPOL and UNCLOS
Effectiveness MARPOL bans ship-based plastic discharge, but enforcement varies by jurisdiction [14,21]

Under the direction of UNEP [70,72,76,77], GPA was approved and is now in operation.
The GPA is a soft-law agreement that reaffirms states’ obligations under UNCLOS and other
agreements. It is intended to serve as a “resource for national or regional authorities when
developing and implementing long-term plans to prevent, reduce, regulate, or eliminate
marine degradation caused by land-based activities” [70]. The goal of the GPA process
is to foster and strengthen voluntary multi-stakeholder engagement in key sectoral areas
that contribute to LBS [76]. To address this issue, a global multi-stakeholder collaboration
on marine litter was formed in 2012 under the GPA’s auspices. The Intergovernmental
Review Meetings, which convene periodically to assess the implementation of the GPA [77],
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have endorsed numerous statements highlighting the importance of freshwater resource
management in mitigating LBS pollution. For instance, the 2001 Montreal Declaration
commits the 80 national government members to, among other things, “integrating and
implementing coastal area and watershed management practices, and enhancing regional,
global, and national governance processes”, emphasising concerns about litter pollution
and alterations in the quality of freshwater inflows [78].

An appeal was made to the UNEP Secretariat to conduct an analysis of alternatives
and possibilities regarding the legal aspects of addressing LBS under the GPA. Additionally,
a commitment to continue focusing on “enhancing the integrated approach to protecting
coastlines and marine environments, particularly from environmental threats posed by
excessive nutrients, sewage, marine litter, and microplastics” was included in the more
recent 2018 Bali Declaration, which was ratified by the EU and 60 national governments.
The 2030 Agenda for Sustainable Development Goals (SDGs), specifically SDG-14 (to
conserve and sustainably use the oceans, seas, and marine resources), is connected to
the problem of coastal and marine pollution caused by wastewater, marine litter, and
microplastics [41] in agreements of the United Nations Environment Assembly (UNEA)
that have been passed since the Bali Declaration. The fact that MPP, in particular, and land-
based sources, in general, are specifically addressed in the 2030 Agenda speaks volumes
about the current importance provided to these issues [34].

The due diligence norms anticipated by state actors are influenced by the extensive
network of traditional methods addressing LBS in various regional seas despite persistent
challenges in their effective implementation. Such instruments include:

• The 1976 Barcelona Convention for the Protection of the Mediterranean Sea Against
Pollution to the 1980 Athens Protocol [61] and the 1996 Syracuse Protocol for
the Preservation of the Mediterranean Sea [79] Against Pollution from LBS and
Activities [80];

• The Quito Protocol of 1983 for the Safety of the South–East Pacific Against Contamina-
tion from LBS [81];

• The 1990 Protocol for the Preservation of the Marine Environment against Waste
from LBS supplements the 1978 Kuwait Regional Convention for Cooperation on the
Protection of the Marine Ecosystem from Pollution;

• The OSPAR Convention 1992 for the Preservation of the North-East Atlantic Marine
Environment;

• The Helsinki Convention of 1992 for the Preservation of the Baltic Sea’s Marine
Environment;

• The Bucharest Convention 1992 on the Preservation of the Black Sea Against Pollution,
which included the 1992 Protocol on Protection of the Black Sea Marine Environment
Regarding Pollution from LBS;

• The 1983 Cartagena Convention for the Protection and Development of the Marine
Environment of the Western Caribbean Region and the Aruba Protocol 1999 on LBS of
Marine Pollution;

• The Jeddah Protocol 2005 for the Preservation of the Marine Environment from LBA
in the Gulf of Aden and Red Sea;

• The 2010 Nairobi Protocol for Protecting the Marine and Maritime Environment of the
Southwestern Indian Ocean from LBS; and

• The Abidjan Additional Protocol of 2012 to the Abidjan Convention Regarding Col-
laboration in the Southern African and Western Central Region’s Protection and
Reconstruction of the Marine and Coastal Ecosystem from Land-Based Activities.

Certain conventional arrangements have made significant progress in their practical
implementation, although the outcomes achieved so far vary considerably. This discrepancy
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can be attributed primarily to differences among the involved state parties in terms of
their financial, technical, and administrative capacities, as well as their normative and
institutional development [82]. For instance, the LBS Protocol for the Mediterranean has
developed comprehensive national and regional action plans with specific deadlines and
action items. Additionally, the legally binding document, the Regional Strategies on Marine
Litter Management in the Mediterranean Sea, sets forth precise measures and operational
objectives to achieve good environmental status in the Mediterranean Sea. One of the
targets is to reduce beach litter by 20% across the entire basin by 2024. These factors make
the plan remarkable.

4.2. The GPA and Washington Declaration: International Efforts to Combat Land-Based
Marine Pollution

Under Agenda 21, UN Environment received an invitation to organise an intergovern-
mental conference on safeguarding the marine environment from LBS. UN Environment
accepted the offer and scheduled a meeting for 23 October to 3 November 1995, in Washing-
ton, D.C [69]. The GPA and the Washington Declaration were the two documents effectively
endorsed by the EU and 109 other nations during the meeting [83].

Figure 1 illustrates a structured flowchart outlining the analytical framework for
Marine Plastic Pollution (MPP), beginning with identifying sources and assessing ecolog-
ical, economic, and cultural impacts. Similarly, it progresses through legal evaluations
(UNCLOS, MARPOL), global initiatives (e.g., UNEA), and culminates in actionable policy
recommendations. By making it easier for states to fulfil their UNCLOS [8], a mandated
obligation to maintain and safeguard the marine environment, the GPA aims to halt the
degradation of the marine environment resulting from LBS [84]. The GPA encompasses
not only the prevention, mitigation, and management of marine pollution but also the
remediation of pollution and measures that aid in the restoration of the marine ecosystem
from the impacts of pollution [70]. Thus, the GPA surpasses the scope of relevant UNCLOS
clauses. The objective of the Programme of Action is to serve as “a resource of conceptual
and practical guidance” for the fulfilment of existing responsibilities and agreements, in-
cluding those established after Agenda 21 and UNCLOS, as well as for the development
of new initiatives. Three chapters of the GPA offer suggestions for regional, national, and
international action [70].

Figure 2 illustrates the sources of Marine Plastic Pollution (MPP), showing that land-
based sources contribute 80%, while ship-based sources account for 20%. This emphasizes
the dominant role of land-based activities in driving oceanic plastic pollution. The GPA
encourages states to develop national plans of action (NPAS) within the framework of inte-
grated coastal area management at the national level. Similarly, provisions for identifying
and evaluating issues, prioritising issues, choosing management approaches and measures,
defining standards for judging the efficacy of strategies and programs, and guaranteeing
program support elements (like funding, human resources, and lawful and enforcement
mechanisms) should all be included in the NPAS [85]. Integrated coastal region manage-
ment, watershed management, reducing poverty, assessment of environmental impacts, the
preservation of important habitats and threatened animals, vertical policy integration, col-
laboration, caution, and equity between generations [70] are just a few of the principles and
methods that the GPA calls on states to implement. States are encouraged to incorporate
clean production practices, environmentally friendly and efficient technologies, product
substitution, Best Available Techniques (BATS), and Best Environmental Practices (BEPS)
into their policies and initiatives. However, potential actions encompass governmental
measures, market-based tools that consider the polluter pays principle and cost internalisa-
tion, technical assistance and collaboration, education, and awareness-raising campaigns.
However, waste reuse, recycling, and treatment are specifically mentioned, along with
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the significance of institutional frameworks, resource mobilisation [70], monitoring, and
reporting. Some of the recommended criteria for evaluating the NPAs include flexibility,
equity, cost-effectiveness, and environmental effectiveness.

Figure 1. Flowchart for the Marine Plastic Pollution framework source (created by author).

Figure 3 highlights the levels of different marine species that have consumed mi-
croplastics. Among marine animals, fish take in the largest amount of microplastics (over
65%), with seals in second place, seabirds third, whales fourth and turtles fifth. Similarly,
the GPA emphasises the need for enhanced regional collaboration to protect the marine
environment from LBS. Thus, it encourages governments to strengthen existing regional
agreements and initiatives, and, if required, establish new ones. Similarly, the GPA pro-
vides guidelines for developing regional action plans that align with the NPA approach.
It highlights various considerations in this regard, including capacity-building plans and
policy harmonisation. Thus, the GPA specifically encourages landlocked governments
to actively engage in regional initiatives [70,86]. However, governments are advised to
seek collaboration from multilateral finance organisations and other institutions in the
planning and implementation of regional agreements, particularly in developing-country
areas, regarding the institutional aspects of regional and sub-regional arrangements [70,72].
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It further emphasises the critical importance of successful international collaboration in
the implementation of the GPA, especially in areas such as financial support, technology
transfer, and capacity building. One suggestion for mobilising expertise and skills is the
establishment of a clearing-house system. Moreover, it is advised to regularly examine both
the status of the marine environment and the GPA’s implementation [70,72]. Under the
GPA, the mobilisation of resources and the establishment of effective institutional frame-
works are viewed as primary objectives of international cooperation. Similarly, the GPA
also emphasised the need for the formulation of international legally binding instruments
concerning the implementation of the prior informed consent (PIC) process for certain
hazardous substances in international trade, as well as instruments addressing persis-
tent organic pollutants (POPS), including a dedicated section on sewage and wastewater
treatment. These tools were approved in 1998 and 2001, respectively [87].

Figure 2. Plastic pollution sources.

Figure 3. Marine biodiversity and microplastic ingestion.
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4.3. The Global Environment Facility’s Strategic Focus Areas: Biodiversity Conservation and
International Waterways

The Global Environment Facility (GEF) plays a crucial role in implementing the GPA,
particularly in the areas of international waters and biodiversity conservation. The GEF
has been assigned a specific role in this context. It has been tasked with supporting the
implementation of the GPA, focusing on priority areas such as biodiversity conservation
and the protection of international waterways. The GEF’s Operational Strategy, adopted
in 1995, identifies the management of LBS of pollution as a top priority for action in
its international waterways’ focal region. The issue of MPP has also been addressed in
GEF-sponsored publications, as well as during the GEF-6 and GEF-7 replenishment periods.

4.3.1. GEF Initiatives: International Water Law and Cross-Border Management

Projects addressing cross-border water management, safeguarding water supplies, and
preserving important groundwater and surface water resources in Small Island Developing
States (SIDS) are supported by the GEF’s focus area on international waterways [88]. This
aligns with the objectives of the GPA to prevent, minimise, and regulate marine debris orig-
inating from LBS, especially those that affect international waters. The International Law
Commission (ILC) [8] worked on legislating the marine environment-related regulations of
the 1994 draft articles [89] that would ultimately serve as the cornerstone of the 1997 UN
Watercourses Convention, which was the initial globally applicable binding tool in the field
that is also widely accepted as indicative of the context in customary international law [90].
The ILC was motivated by the state parties’ tardiness in adopting meaningful measures for
the implementation of what is currently known as Article 23 of the 1997 UN Watercourses
Convention, which was initially enacted by the commission in 1991 and mandates that,
“watercourse states shall, individually and, where appropriate, in cooperation with other
states, take all measures with respect to an international watercourse that are necessary
to protect and preserve the marine environment, including estuaries, taking into account
generally accepted international rules and standards” [86].

Figure 4 presents the economic impact of marine plastic pollution, each year, losses
in tourism and beach cleanups hit €600 million, while those in the fishing industry stay
lower. It makes obvious that coastal areas face too much burden and costly maintenance
for public buildings. As Article 23 is located in Part IV of the 1997 UN Watercourses
Convention, which addresses the responsibilities of watercourse nations for ecosystem
protection, it can be understood as an acknowledgment of the interconnections between
freshwater and marine environments and the environmental issues associated with them.
It essentially signifies the official recognition of “the increasingly significant problem of
pollution transported into marine ecosystems through international watercourses” within
the framework of customary international law pertaining to freshwater resources [89]. It
is widely recognised that LBS, primarily rivers, contributes to approximately 85 percent
of the pollution entering the marine environment. Therefore, this acknowledgment has
been long overdue [91]. The importance of riverine pollution loading for LBS marine
pollution is further made worse by the MPP problem. Article 23 of the UN Watercourses
Convention also reaffirms duties that have long been recognised in international maritime
environmental law despite their normative weaknesses and lack of specificity [8,60,92].
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Figure 4. Economic impact.

Figure 5 shows a steady and significant rise in marine plastic pollution from 8 million
in 2010 to over 21 million tons by 2020. Because of this trend, we must act quickly and
implement tougher regulations on waste management everywhere. Article 23 of the UN
Watercourses Convention, along with its other provisions, imposes a commitment of due
diligence on watercourse states. It says that they must “take all of the steps required of
which they are competent, financially and technologically” [86,89,93], either individually
or jointly when appropriate. The precautionary principle is presumed to apply due to the
interconnection with Articles 20–22 and the need that such action be done “on an equitable
basis” [89,93]. Article 23 sets itself apart from other ecological obligations typically found
in water resources conventions by encompassing the collective global interest of all states
in safeguarding the broader marine environment, rather than solely focusing on preventing
harm to adjacent watercourse states [82].

Conventions addressing marine pollution may directly place obligations on states
regarding the management of transboundary rivers, in addition to international, regional,
or basin-level water agreements. For instance, the 1992 OSPAR Convention specifically
requires coastal state parties, such as Germany, France, and the Netherlands, as well as
riparian countries along the Rhine, to restrict discharges into the river that eventually reach
the North Sea. Although this provision, which can be found in Annex I of Article 2(1) of
the Convention for the Protection of the Marine Environment of the North–East Atlantic,
1992 [84], does not place any new obligations on these states, it does clarify the normative
status of their existing obligations regarding LBS pollution [94]. Similarly, discharges into
the Danube River by Romania and Bulgaria would be subject to the requirements outlined
in the 1992 Bucharest Convention on the Protection of the Black Sea from Pollution, as well
as its Protocol on Pollution from LBS.
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Figure 5. Marine Plastic Pollution over time.

4.3.2. Biodiversity Protection

The GEF is the primary multilateral fund dedicated to addressing this issue and
has been a significant global source of funding for biodiversity conservation. Spanning
from July 2022 to June 2026, the GEF’s eighth programming term, known as GEF-8, is
primarily focused on biodiversity protection. The success of achieving the post-2020
global biodiversity framework, including the implementation of the new framework at
the UN Biodiversity Conference (COP-15) in Kunming, China, relies on this assistance.
Rivers and streams play a crucial role in the transit of plastics from interior areas to the
coast. According to research, approximately 34,000 out of the 100,888 river and stream
outlets included in the study release macroplastic debris into the ocean. Consequently,
an estimated 0.9 to 2.8 million tonnes of plastic waste entered the marine ecosystem in
2015. Eighty percent of the plastic debris released into the ocean by rivers worldwide
comes from around 1700 rivers. Southeast Asia and West Africa’s urban rivers, even the
smaller ones, are the primary sources of plastic pollution [95]. Therefore, controlling and
managing watercourses is essential to preventing marine plastic waste from LBS. Although
environmental considerations had a significant role in the creation of this body of legislation,
its regulatory effects on the reduction of plastic pollution are still very negligible.

Although UNCLOS provides for detailed legal framework for the protection of marine
environments, its guidance on how to address land-based sources of plastic pollution is
vague and lacking in deterrence [81]. Because there are no clear-cut enforcement policies
and definite targets, UNCLOS has a hard time making inroads against MPP. What are the
promises of influence and policy across this research? Therefore, it is essential to clarify and
evaluate which regulatory policies are most suitable, based on the findings presented in
this study. It is recommended that this information be discussed as a separate sub-section
before the conclusion.

4.3.3. Collaborative Action

In order to conserve biodiversity, the GEF supports feasible measures that promote the
ethical utilisation of resources, enhance public awareness of their significance, and foster
collaboration among important organisations and individuals to drive action. This aligns
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with the objective of the GPA to encourage cooperation between nations and stakeholders
in combating marine pollution and preserving biodiversity.

4.4. Policy and Practical Implications

This study highlights several critical policy implications for international and national
marine governance. It promotes the value of legally binding agreements that are specific to
combat marine plastic pollution (MPP). Critical recommendations include enhancing the
surveillance of already established maritime conventions, including UNCLOS and MAR-
POL, ensuring that such standards have amended enforceable provisions that target plastic
emission reduction from land- and sea-based activities [82]. Adopting a comprehensive
and legally enforceable Global Plastics Treaty based on common global benchmarking
should be high on the agenda for international plastic waste management issues. The
treaty should provide proactive measures to avoid pollution and effective ways of removal
while creating measurable tasks for every providing nation. Thus, the report advocates
for improved integrated freshwater–marine pollution governance, while understanding
the pivotal role freshwater streams play in facilitating plastics into the oceans. Further,
the strategy needs to promote the use of global Best Available Techniques (BATs) and Best
Environmental Practices (BEPs) so as to significantly reduce plastic waste at its source [58].
Developing countries need to build their capacities to enable meaningful cooperation and
successful implementation in any part of the world. This study will also align with the
goals that are established in SDG-14, which aims at protecting and wisely managing our
seas. Progression of marine sustainability and pollution management on a worldwide scale
can be positively impacted, in large measure, through the reform of economics and by
promoting a circular economy.

5. UNCLOS: International Legal Framework for MPP

This section will examine the relevant provisions of UNCLOS, which serve as the
primary international legal framework for protecting the marine environment from plastic
pollution originating from LBS. UNCLOS is an international legal framework that serves
as a comprehensive organisation for the preservation and sustainable use of the oceans
and their resources [28,69,96,97]. It also establishes various guidelines for the preservation
and protection of the marine realm. The convention was adopted on 10 December 1982,
during the third UNCLOS (1973–1982) and came into effect on 16 November 1994 There
are 170 parties in it right now, with the EU among them [8]. Although the agreement
“establishes the legal framework within which all activities in the oceans and seas must be
conducted”, it also encompasses LBSs that may have an impact on the marine environment
within its scope. Due to its extensive coverage and comprehensive nature, UNCLOS is
often referred to as the “constitution that governs the oceans” [98,99].

Figure 6 displays a histogram illustrating the distribution of microplastic particle
counts in marine samples. It appears from the data that the most common particles
counted in multiple samples were between 35 and 50, meaning there is considerable to high
contamination of microplastics in many areas. UNCLOS adoption has played a crucial role
in the development and codification of the law of the sea. Numerous substantive provisions
of the agreement are acknowledged as reflecting customary international law, either as
a result of their adoption or during the negotiations, or because they are a formalisation
of prior customary rules [100,101]. The convention, referred to as the zonal management
strategy, aims to harmonise and balance the interests of individual nations across its various
sections. In order to protect the common interests of the global community, it also provides
a framework for international cooperation in maritime affairs (integrated management
approach). This dual strategy is yet another unique feature of UNCLOS [102,103].
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Figure 6. Histogram of microplastic ingestion counts.

The convention has several rules that address environmental protection. The subject
is primarily covered in UNCLOS Part XII, which offers a unified framework for the preser-
vation of maritime environments [58]. UNCLOS is the first international agreement in
the world that explicitly declares the general obligation of states to protect and preserve
the marine environment by addressing all forms of pollution. UNCLOS introduced these
wide-ranging duties, leading to a substantial shift in promoting marine sustainability from
a state of considerable freedom to pollute the oceans to a global framework of stringent
pollution control. Under UNCLOS, a healthy marine environment is recognised as a matter
of shared concern that transcends the interests of individual nations [101–104].

5.1. Normative Framework for MPP Mitigation: Analysing UNCLOS Part XII

UNCLOS Part XII is divided into 11 sections and comprises 46 articles. The initial
section includes several legal principles that govern the Part XII system. The wording and
spirit of Principle 7 of the Stockholm Declaration 1972 [105] and other contemporaneous
publications were followed in the drafting of the principles. Article 192, which constitutes
the opening sentence of Part XII, establishes the general obligation of governments to
protect and preserve the marine environment. The global legal framework for mitigating
MPP revolves around this obligation. The following subsection focuses on the specific
requirements outlined in UNCLOS Part XII (3) and elucidates its normative content in Part
XII (2).

5.2. Institutions Associated with UNCLOS

While UNCLOS must be interpreted as a whole, it is composed of various sections,
some of which are considered constitutive in nature, while others amend and codify
existing laws [102,106–108]. These elements subsequently establish new institutions, enact
new laws, and introduce new concepts. In this regard, UNCLOS has adopted numerous
resolutions that highlight the importance of operational protocols and early investments in
pioneering research on polymetallic nodules [102,106–108]. Furthermore, UNCLOS Part
XII addresses the protection and preservation of the marine environment, including the
need for effective measures to combat marine plastic pollution. This issue is increasingly
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critical as plastic pollution threatens marine biodiversity, disrupts ecosystems, and impacts
human health, underscoring the urgency for robust legal frameworks and international
cooperation [109].

5.2.1. Division for Ocean Affairs and the Law of the Sea (DOALOS)

The Division for Ocean Affairs and the Law of the Sea (DOALOS), operating under
the Office of Legal Affairs, has consistently received recognition for its role in promoting
the wider acceptance and consistent implementation of UNCLOS. It also plays a critical
role in addressing MPP through its support of the convention. Following the convention’s
adoption, DOALOS was entrusted with the responsibilities assigned to the Secretary–
General and the tasks related to its entry into force during the 52nd UNGA in 1998.
Specifically, the division monitors advancements in all relevant fields to provide an annual
report to the UNGA on matters concerning ocean affairs and the legal status of the sea.

Moreover, the division formulates recommendations to the UNGA and other inter-
governmental forums to enhance comprehension of the convention. This ensures that
the division is capable of addressing requests for advice and assistance from states in
implementing the convention. Additionally, the division acts as the secretariat of UNCLOS,
offering information, advice, and support to states to foster a better understanding of the
convention, related agreements, their broader acceptance, uniform and consistent applica-
tion, and effective implementation. This includes addressing pollution from land-based
sources, such as plastics, which significantly impact marine ecosystems. In addition, by
providing guidance, facilitating international cooperation, and promoting the effective en-
forcement of these legal frameworks, DOALOS helps member states meet their obligations
to control and reduce MPP [110].

Additionally, it creates suggestions for the UNGA and other intergovernmental forums
to enhance public knowledge of the convention. This guarantees that the division can
react to requests from states for guidance and support in putting the convention into
practice [111]. Furthermore, the division functions as the UNCLOS secretariat, offering
states guidance, support, and information to enhance public knowledge of the convention
and its associated agreements, as well as to ensure their widespread ratification, uniform
and consistent application, and efficient execution.

Furthermore, DOALOS contributes to mitigating marine plastic pollution through
various activities. It assists countries in developing and enforcing national regulations
aligned with UNCLOS provisions related to marine pollution. This includes providing
technical support and capacity-building to improve national and regional approaches
to plastic waste management. DOALOS also supports international initiatives, such as
the Global Partnership on Marine Litter (GPML), which focuses on collaborative efforts
to tackle marine litter, including plastics. By facilitating these global partnerships and
promoting best practices, DOALOS enhances the effectiveness of international and national
strategies to address plastic pollution in marine environments [109,112].

5.2.2. International Tribunal for the Law of the Sea (ITLOS)

Established in 1982 by UNCLOS, the International Tribunal for the Law of the Sea
(ITLOS) is an unbiased court that adjudicates cases related to the interpretation and ap-
plication of the convention. The tribunal consists of 21 independent members who are
selected based on their high standing in the field of maritime law, ensuring their impartial-
ity, integrity, and expertise [113]. UNCLOS grants eligibility to the state parties to utilise
the tribunal, and it may also be accessed by other organisations or bodies under specific
circumstances. The tribunal possesses jurisdiction over any matter brought before it in
accordance with the convention. Furthermore, the tribunal’s jurisdiction extends to subjects
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explicitly mentioned in any other agreement that confers authority upon the tribunal.
In certain situations, the tribunal may also offer recommendations under international
agreements regarding the objectives of the convention.

Furthermore, ITLOS’s jurisdiction under UNCLOS extends to disputes concerning the
protection and preservation of the marine environment, a category that encompasses marine
plastic pollution. Part XII of UNCLOS, which addresses marine environmental protection,
mandates states take measures to prevent, reduce, and control pollution from various
sources, including plastics [114]. Although ITLOS has not yet specifically adjudicated a
case solely focused on plastic pollution, its role in interpreting Part XII provides a legal
framework that could address such issues.

The tribunal’s potential involvement in marine plastic pollution disputes could involve
determining whether states have fulfilled their obligations under UNCLOS to manage
plastic waste effectively and to cooperate in the prevention and control of marine pollu-
tion [115]. ITLOS’s decisions and advisory opinions on these matters could significantly
influence state practices and international standards related to marine plastic pollution.
For instance, the tribunal’s approach to general pollution cases and its interpretation of
UNCLOS principles could set precedents for addressing the specific challenges posed
by marine plastic pollution, including the legal responsibilities of states to mitigate and
manage plastic waste [116]. Such precedents could enhance global efforts to combat plastic
pollution and strengthen the implementation of international environmental agreements.

6. IMO’s MARPOL Framework: Addressing Marine Pollution from
Sea-Based Sources

The IMO is the principal entity responsible for the continuous evolution of laws
and policies related to ship pollution. This specialised UN agency plays a pivotal role in
overseeing several key treaties that address civil responsibility, marine pollution control
from ships, and dumping at sea. Among these, the MARPOL [117] and the London
Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other
Matter [118], along with its 1996 Protocol [119], are particularly significant in combating
plastic pollution from maritime sources [117,120]. MARPOL, initially adopted in 1973
and modified by the Protocol of 1978, constitutes the primary international framework
for preventing pollution from ships. Its Annex V specifically targets the prevention of
pollution by garbage from ships, including plastics, which are a major component of marine
litter [121]. The London Convention, established in 1972, and its 1996 protocol provide
comprehensive guidelines for the control of marine pollution by prohibiting the deliberate
disposal of wastes at sea. These instruments collectively form the backbone of international
efforts to mitigate marine pollution, particularly from plastics.

The implications of UNCLOS for the IMO and the instruments agreed upon under
its auspices have been extensively analysed by the IMO Secretariat. According to a 1987
evaluation by the IMO Secretariat, UNCLOS “depends on them for the effective implemen-
tation of its general principles”, but rather assumes the existence of specific regulations
and anticipates future ratifications by the IMO [122]. This indicates that UNCLOS provides
a broad legal framework, while the detailed regulatory measures are left to the IMO’s
conventions and protocols. In 2018, the IMO’s Marine Environment Protection Committee
(MEPC) established an action plan specifically aimed at preventing and minimising ma-
rine litter from ship-based sources, supporting SDG 14, which focuses on conserving and
sustainably using the oceans, seas, and marine resources [123]. This action plan includes
several measures, such as enhancing the enforcement of existing regulations, promoting
the development of port reception facilities, and encouraging research and innovation to
address the issue of marine litter from ships [21,124].
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The relationship between UNCLOS and the IMO conventions underscores a comple-
mentary framework where UNCLOS sets out broad principles, and the IMO develops
specific regulatory measures to implement these principles. For instance, Article 211 of
UNCLOS specifically mandates that states shall establish international rules and standards
to prevent, reduce, and control pollution of the marine environment from vessels, taking
into account IMO standards [123]. This article effectively integrates the IMO’s regulatory
mechanisms into the overarching legal framework provided by UNCLOS. Moreover, the
IMO’s continuous efforts in updating MARPOL and other related conventions reflect an
adaptive approach to emerging environmental challenges. The adoption of amendments to
MARPOL Annex V, which prohibits the discharge of all plastics from ships, exemplifies
the dynamic nature of maritime environmental law in response to the growing problem of
plastic pollution [54,121].

The 2018 MEPC action plan is a testament to the IMO’s proactive stance in addressing
marine litter. It aligns with the precautionary principle, a key tenet of international environ-
mental law, which advocates for preventive measures in the face of potential environmental
harm [52]. By fostering international cooperation and encouraging member states to adopt
stringent measures against marine litter, the IMO’s initiatives contribute significantly to
global marine environmental protection efforts.

7. Discussion

MPP poses a significant environmental and legal challenge that extends beyond na-
tional borders, requiring a multifaceted approach. Although international legal frameworks
such as UNCLOS and the MARPOL exist, they are currently insufficient in addressing the
scope of the problem. This analysis evaluates these frameworks, highlights their short-
comings, and suggests necessary improvements. Historically, the recognition of marine
pollution from LBSs has evolved significantly. The UN Environment’s establishment of the
Regional Seas Programme and the GPA were pivotal in addressing this issue. The GPA
remains a crucial platform, offering guidance for action at all governance levels. Awareness
of MPP expanded rapidly in subsequent years, with the international community empha-
sising the issue at forums such as the UNCSD in 2012, the UNEA, the UNGA, and Ocean
Conferences. States established procedures under UNEA to explore potential solutions,
recognising the need for action and setting objectives and targets. Numerous nations and
stakeholders now advocate for an international accord to address this global crisis.

Biodiversity conventions and chemicals and waste conventions also address MPP
from unique perspectives. The urgency of addressing MPP is underscored by its pervasive
impact on marine ecosystems, public health, and economic stability. To effectively mitigate
this crisis, the international community must adopt a more integrated and proactive
approach, emphasising precise, enforceable regulations and innovative solutions. UNCLOS
provides a comprehensive legal framework for marine environmental protection, outlining
states’ responsibilities to prevent and control pollution. However, its provisions are broadly
defined and lack the specificity required to address the unique challenges posed by plastic
pollution. Due to the scale and impact of LBS on marine environments, this oversight
is significant. Moreover, UNCLOS relies heavily on state implementation, resulting in
varied enforcement and effectiveness. States often prioritise economic interests, leading to
insufficient measures against MPP. Therefore, UNCLOS should include clear provisions for
definitions, responsibilities, and enforcement to address plastic pollution effectively.

MARPOL, particularly Annex V, focuses on ship-generated waste and explicitly pro-
hibits the disposal of plastics at sea. However, enforcement of these provisions is incon-
sistent across jurisdictions. Many states lack the infrastructure or political will to enforce
MARPOL’s regulations effectively, leading to continued illegal dumping and poor waste
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management practices. Additionally, MARPOL’s narrow focus on maritime sources ne-
glects the significant contributions of land-based activities to MPP. Strengthening MARPOL
Annex V requires stringent compliance measures, improved monitoring, and expanded
coverage of land-based sources. Furthermore, the ecological impacts of MPP extend be-
yond visible pollution, with microplastics presenting an insidious threat to marine life
and ecosystems. Current international legal instruments do not adequately address the
pervasive nature of microplastics, which bioaccumulate and biomagnify through the food
web, ultimately impacting human health. This deficiency calls for a comprehensive legal
approach, including stringent regulations on the production, use, and disposal of plastics,
and measures to mitigate microplastic pollution.

Similarly, MPP poses significant health risks due to the presence of microplastics in
marine organisms consumed by humans. Studies have shown widespread contamination
of seafood with microplastics, carrying toxic chemicals and potentially harmful organisms.
The ingestion of microplastics through seafood has been linked to various health disor-
ders, including endocrine disruption, carcinogenic effects, and other chronic health issues.
Current international frameworks do not adequately address these human health risks,
underscoring the need for more stringent and comprehensive regulations on plastic pro-
duction and disposal to safeguard public health. Addressing health risks requires research
on microplastics, integrating findings into policies, and educating the public on responsible
plastic use. Additionally, MPP disrupts socio-cultural practices and the cultural significance
of marine environments, negatively affecting mental health and diminishing the aesthetic
and therapeutic value of coastal areas. These socio-economic impacts highlight the urgent
need for robust regulatory measures and effective waste management systems.

In addition, the fragmented nature of international governance exacerbates the chal-
lenge of addressing MPP. The lack of coordination among various international agreements
and organizations leads to overlapping jurisdictions and regulatory gaps. A cohesive global
strategy is essential, integrating the principles of the circular economy and emphasising the
3Rs (reduce, reuse, recycle). This strategy should involve binding international agreements
with clear, enforceable obligations and a unified approach harmonizing national regulations
with international standards. However, it is crucial that effective management of MPP
requires coordinated efforts among nations, international bodies, and stakeholders. En-
hanced international collaboration is crucial, fostering partnerships for scientific research,
sharing best practices, and developing innovative solutions to reduce plastic waste. Legal
frameworks must facilitate such collaboration, creating platforms for dialogue, cooperation,
and mutual assistance. Monitoring systems must track pollution accurately and ensure
transparency. Furthermore, a novel integrated and comprehensive legal instrument is
needed to reduce plastic production, enhance waste management, and promote a circular
economy, with mechanisms for regular review. Policies should adopt the 3Rs (reduce,
reuse, recycle), incentivise sustainable production, and invest in research for biodegradable
solutions. National laws must align with international standards, with better enforcement
through infrastructure, funding, and training.

Protection of marine plastics from pollution (MPP) is regarded as one of the most
important global measures to be implemented to resolve the increasing plastic pollution
issue. In answer to the urgent need to cooperate, the United Nations Environment Pro-
gramme (UNEP) has reacted by supporting the treaty, with emphasis on establishing
law-enforceable rules for the reduction and management of plastic waste abroad. Now,
with the continued devastation wrought to marine ecosystems by MPP, the treaty offers
an essential opportunity to establish strong international rules for reducing plastic waste
between states. Through the creation of standard global management, recycling, and the
reduction of plastic waste, the treaty is the secret to harmonizing policies within arrange-
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ments like UNCLOS and MARPOL. Such strategies would allow for countries to follow
standard rules in the sense that regulatory standards will be effectively followed across
borders. Beyond dealing with land-based plastics, the treaty aims to curb lesser-known
plastic-causing sources of debris in the ocean, arising from ships and other maritime ac-
tivities. Moreover, the Global Plastics Treaty may promote the large-scale adoption of
Best Available Techniques (BATs) and Best Environmental Practices (BEPs) by industries,
encouraging the circular economy transition. Under these standards, the treaty would pro-
mote the innovation of recycling and reduce reliance on disposable plastics and sustainably
manufactured industrial products.

The Global Plastics Treaty, which learns from the successful action taken by countries
such as Kenya and Norway on plastic waste, can heighten this momentum by establishing
a global template for concerted action. This treaty is a critical step towards SDG 14—the
conservation of marine ecosystems in a sustainable way.

8. Conclusions

This study critically examined the effectiveness of international legal frameworks,
particularly UNCLOS and MARPOL, in addressing the growing challenge of marine plas-
tic pollution (MPP). The primary objective was a determination of the sufficiency of the
existing laws with regard to the collection of plastic waste from both shoreline and vessel
waste dumps. An examination of legal doctrines revealed significant problems with en-
forcement, narrow jurisdictional reach, and the absence of meaningful responsibilities to
control marine plastic pollution. The study findings revealed that although the UNCLOS
and the MARPOL provide basic structures, they lack the required mechanisms to address
the current plastic waste challenges decisively. This study highlighted the socio-economic
and cultural impact of MPP, especially its impact on fisheries, tourism, and people living
along the coast. Moreover, such efforts as UNEA resolutions and the proposed Global
Plastics Treaty suggest great progress is being made toward more effective governance. It
is obvious that current international laws should be changed so as to be more effective in
addressing the magnitude and weight of the plastic crisis. This involves taking enforceable
legal instructions, promoting the use of circular economy practices, and promoting interna-
tional cooperation among others. Improving institutional coordination and involving all
involved stakeholders at all levels will be imperative in making effective and sustainable
countermeasures against marine plastic pollution.
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Abstract: This study proposes developing a resilient machine learning algorithm based
on neural networks to classify naval images used in surveillance, search, and detection
operations in vast coastal and marine environments. Coastal areas critical for water resource
management often face challenges such as illegal fishing, trafficking, piracy, and other illicit
activities that require robust monitoring systems powered by computer vision. However,
real-world datasets in such environments can be compromised by label noise due to random
inaccuracies or deliberate adversarial attacks, leading to decreased accuracy in machine
learning models. Our innovative approach employs Rockafellian Risk Minimization (RRM)
to mitigate the impact of label noise contamination, crucial to maintaining data integrity
in water-related security and governance operations. Unlike existing methodologies that
rely on extensively cleaned datasets, our two-step process adjusts neural network weights
and manipulates nominal probabilities of data points to isolate potential data corruption
effectively. This technique reduces dependence on meticulous data cleaning, thereby
increasing data processing efficiency in water resources and coastal management. To
validate the effectiveness and reliability of the proposed model, we apply RRM in various
parameter settings to datasets specific to naval environments and evaluate its classification
accuracy against traditional methods. By leveraging the proposed model, we aim to
reinforce the robustness of ship detection models, ultimately contributing to developing
more reliable automated maritime surveillance systems. Such systems are essential for
strengthening governance, security, and water management and curbing illegal activities
at sea.

Keywords: computer vision; neural networks; machine learning; Rockafellian risk mini-
mization

1. Introduction

The field of machine learning (ML) has been expanding rapidly, transforming how
machines learn from data to make data-driven predictions and decisions. Within ML,
computer vision (CV) has gained prominence as a specialized area that enables machines to
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interpret visual data at an unprecedented level of complexity. This capability has profound
implications across sectors, creating applications in areas like autonomous vehicles, medical
diagnostics, security, and military operations. Using sophisticated mathematical models,
CV allows for machines to “see” and understand the visual world, creating new pathways
for technological advancement and real-world impact.

In the military, CV applications play a critical role in enhancing decision-making
processes by improving situational awareness and supporting autonomous systems in
dynamic environments. For Brazil, a country with an extensive coastline of approximately
3.6 million square kilometers that spans 200 nautical miles within the Brazilian Exclusive
Economic Zone (EEZ) [1], these advancements are essential. The Brazilian Navy (BN) is
responsible for safeguarding Brazil’s maritime borders, where challenges such as piracy,
smuggling, and illegal pollution persist. The BN launched the Blue Amazon Management
System (SisGAAz) to address these threats, leveraging a sophisticated network of satellites,
radars, and multi-platform systems for continuous monitoring of Brazil’s jurisdictional
waters [2].

Automatic ship detection, an essential component of maritime surveillance, typically
depends on meticulously curated datasets. However, gathering and processing high-
quality data can be both labor-intensive and time-consuming. This study introduces an
innovative approach to improving the robustness of image detection models in naval
applications, particularly for binary classification tasks. Building on the Rockafellian
relaxation methodology, this approach combines classical convolutional neural networks
(CNNs) with stochastic gradient descent (SGD) training, allowing for refined adjustments
of nominal probabilities for each image. The Rockafellian method strengthens CNN models
by addressing label corruption issues common in ML datasets, which may arise from
random inaccuracies or targeted adversarial attacks. This model aims to reinforce data
integrity in maritime security operations by reducing dependency on pre-cleaned datasets
and improving efficiency in data processing [3,4].

The remainder of this study is organized as follows: Section 2 provides a literature
review to support the objectives of this research, offering a detailed summary of relevant
concepts, conditions, and practices related to the research aim. Also, Section 2 presents the
mathematical formulation and methodologies, discussing the foundational mathematics
of the ML algorithms and emphasizing the distinctions between models. Section 3 show-
cases the results of our three unique methodologies, focusing on model testing accuracy,
AUC curve, and computational runtime, with a brief analysis of the outcomes. Section 4
concludes with a summary of the findings and suggestions for future research directions.

2. Materials and Methods

2.1. Background
2.1.1. The Blue Amazon

With its 7500 km Atlantic coastline, Brazil has a vested interest in developments
concerning the Atlantic Ocean. In 2004, the Brazilian Navy (BN) introduced the term “Blue
Amazon”, a vast oceanic area extending from Brazil’s coastline to the edge of its continental
shelf, covering the surface, waters, seabed, and subsoil. Registered as a trademark in 2010,
the Blue Amazon is a significant region rich in resources like marine biodiversity, minerals,
oil, and natural gas [1,2]. Figure 1 compares the dimensions of both Amazons.
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Figure 1. Amazons dimensions. Adapted from [3].

2.1.2. Surveillance System

Protecting the Blue Amazon poses challenges, as insufficient security could lead to
criminal activities, including piracy, smuggling, and illegal pollution. To counteract these
threats, the BN established the Blue Amazon Management System (SisGAAz), a strategic
initiative focused on safeguarding this extensive region [4]. SisGAAz employs satellite
technology, multi-platform systems, radars, and sensors for continuous monitoring and
management of Brazil’s jurisdictional waters and Search and Rescue (SaR) region, inte-
grating data and decision-making for effective oversight [5,6]. Figure 2 illustrates the
SisGAAz system.

 
Figure 2. SisGAAz system. Adapted from [2].

2.2. Concepts
2.2.1. Classification

Classification is a key task focused on predicting categorical outcomes or labels by
learning boundaries that differentiate classes within the data. Unlike regression, which
estimates continuous values, classification assigns each data point to a distinct category,
aiding in tasks such as image recognition and spam detection [7–9].

Classification tasks are divided into binary and multiclass types based on the number
of target categories. This article focuses on binary classification, where data are assigned to
one of two categories, typically labeled as 1 and −1 (e.g., predicting purchase likelihood or
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detecting spam) [10]. In contrast, multiclass classification categorizes data into more than
two classes.

2.2.2. Learning and Optimization

Learning and optimization are essential in ML, with learning improving optimization
by leveraging past experiences and data patterns. While learning algorithms assume data
reflects the real-world problem, optimization algorithms focus on finding the best solution
without making such assumptions [11]. The primary goal in ML is to minimize expected
generalization error, or risk, which measures performance differences between training
and unseen test data [12].

To address this, expected loss minimization is commonly used, calculating average
loss across inputs based on the true data distribution. However, with large datasets,
this may be computationally impractical. In such cases, empirical risk minimization
(ERM) approximates the true distribution using the training data’s empirical distribution,
assigning equal probabilities to observed data points [13].

2.2.3. Neural Networks

Neural networks (NNs), a popular type of ML model, are widely used in fields such
as image recognition, natural language processing, and pattern recognition. This article
primarily focuses on convolutional neural networks (CNNs), a specialized form of NN.
Neural networks, also known as artificial neural networks (ANNs), are inspired by the
human brain’s structure and consist of three main layers: input, hidden, and output.
Figure 3 illustrates this structure.

 

Figure 3. Basic ANN and its layers. Source: [14].

Neural network layers consist of interconnected neurons that process and learn from
data through backpropagation, which calculates error gradients, compares predictions to
the target, and adjusts network weights. This iterative process continues until the network
minimizes error, achieving accurate predictions. A perceptron neuron, shown in Figure 4,
combines weighted inputs, adds a bias, and applies an activation function to generate the
final output [14].
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Figure 4. Perceptron model adapted from [15].

Activation functions are essential in training neural networks, as they adjust gradients
and introduce nonlinearity, enabling deep networks to learn complex functions [16]. Two
widely used activation functions are Rectified Linear Units (ReLU) and Sigmoid.

The ReLU activation function is defined as

f(x) = max(0, x). (1)

The sigmoid activation function is defined as

f (x) =
1

(1 + exp(−x))
. (2)

Figure 5 shows graphic representations of these activation functions.

Figure 5. Activation functions. Adapted from [17].

Typically, in multilabel classification networks, the final layer utilizes another acti-
vation function called softmax. This function converts the real-valued activations into
probabilities for different classes [18]; the softmax function is defined as

f (x) =
exp (xi)

∑K
j=1 exp

(
xj
) , (3)

where xi represents the i-th element of the input vector and ∑K
j=1 exp

(
xj
)

denotes the sum
of exponential values over all elements in x. Each probability in the result is in the range 0
to 1, and the sum of the probabilities is 1, representing a valid probability distribution over
the K classes.

2.2.4. Computer Vision and Convolutional Neural Networks

Computer vision (CV) is a field that develops algorithms to analyze and interpret
visual data, enabling machines to perceive and understand the visual world much like
human perception [19]. CV applications focus on extracting and categorizing information
from images and videos. In this research, we concentrate on images, which are collections
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of pixels arranged in two dimensions, typically containing color channels such as red,
green, and blue (RGB). Each color channel holds specific color intensity values that can be
processed to gain insights and make decisions in CV tasks [20].

Convolutional neural networks (CNNs) are the most effective tools in CV for extracting
and learning key features from images [21]. CNNs, like traditional neural networks, use
weights, biases, and nonlinear functions to produce outputs. However, CNNs uniquely
perform convolutions in place of matrix multiplications, using filters or kernels to scan
the input image and generate feature maps. Each kernel’s size and stride determine how
it navigates the image, influencing output resolution and downsampling when strides
greater than one are applied [22].

Pooling layers, typically placed between convolution layers, further downsample
feature maps by selecting maximum or average values within a window, reducing spatial
dimensions and computational load [23]. After convolutional and pooling operations,
the multi-dimensional output is flattened into a one-dimensional array that passes into
fully connected (FC) layers, responsible for final predictions. These dense layers function
similarly to hidden layers in traditional neural networks, with each neuron fully connected
to the previous layer’s neurons [24].

After processing the fully connected layer, the output is passed through a softmax
activation function (1.3). This function converts the output values into probabilities for
each class. The input is then classified based on the class with the highest probability [25].

2.3. Literature Review
2.3.1. Classification Problem

Early research began with Maron’s Naïve Bayes classifier in 1961, applying Bayes’
theorem with feature independence for classification [26]. In 1967, Cover et al. introduced
the k-nearest neighbors (k-NN) algorithm, classifying new data by majority vote among
nearby points [27].

In 1986, Quinlan’s Iterative Dichotomiser 3 (ID3) algorithm introduced decision trees
to ML, leveraging information gain to recursively split datasets for improved classifica-
tion [28]. Support Vector Machines (SVMs), introduced by Cortes and Vapnik in 1995,
created hyperplanes that separate classes in a way that maximizes margins, proving ro-
bust across a variety of data conditions [29]. Ensemble methods like Boosting (Freund
and Schapire, 1997) and Random Forests (Breiman, 2001) further improved classification
accuracy by combining multiple base models [30,31].

The rise of deep learning transformed classification through neural networks (NNs),
with Hinton et al.’s 2006 work on deep belief networks marking a milestone. These deep
models excel at identifying complex patterns in high-dimensional data, providing powerful
tools for modern classification tasks [32].

2.3.2. Neural Networks Structures

The concept of computational neurons began with McCulloch et al. in 1943, who
modeled binary neurons inspired by brain activity [33]. In 1958, Rosenblatt’s perceptron
model expanded on this, calculating weighted sums of inputs and forming the basis of
artificial neural networks (ANNs) when combined [34].

Despite initial progress, NN development slowed until 1989, when Rumelhart et al.
introduced backpropagation, a method for adjusting weights to minimize errors, enabling
more complex applications [35,36]. Convolutional neural networks (CNNs) later emerged
to tackle image recognition by extracting features through convolutional layers. LeNet,
an early CNN by Yann LeCun in 1998, achieved high accuracy in digit recognition, used by
the U.S. Postal Service on the MNIST dataset [37], as presents Figure 6.
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Figure 6. LeNet CNN architecture. Source: [37].

The development of CNNs, supported by academia and industry, has included deeper
architectures, residual connections, and attention mechanisms, enhanced by GPUs and large
datasets like ImageNet. Deep networks faced issues like the vanishing gradient problem,
where gradient values become too small to update weights effectively, as highlighted by
Glorot et al. in 2010 [38].

Major advancements came from the ImageNet competition, with AlexNet (2012)
showing deeper layers improve performance when overfitting is controlled [39], and
GoogLeNet (2014) enhancing results by increasing channels per layer [40]. Figure 7 shows
the AlexNet architecture.

Figure 7. AlexNet CNN architecture. Adapted from [39].

A key similarity between AlexNet and GoogLeNet is their use of the ReLU activation
function (1.1), introduced by Krizhevsky et al. [39], which accelerates training and helps
mitigate the vanishing gradient problem. The main innovation in GoogLeNet is its inception
module, which captures features at multiple scales using various filter sizes and includes
1 × 1 convolutions to reduce channels, enhancing computational efficiency.

The VGG architecture, developed by Simonyan et al. at the University of Oxford,
gained significant recognition in the 2014 ILSVRC for its impressive performance, despite
placing second to GoogLeNet [41]. Known for its straightforward design, VGG has had
a lasting impact on the deep learning community, with two main variants, VGG-16 and
VGG-19, indicating the number of layers in each model. Figures 8 and 9 illustrate the
structure of VGG-16 and VGG-19, respectively.
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Figure 8. VGG-16 structure. Adapted from [42].

Figure 9. VGG-19 structure. Adapted from [42].

In 2015, He et al. introduced ResNet, a deep learning architecture featuring residual
learning through shortcut (or skip) connections [43]. These connections enable gradients
to bypass certain layers, making it feasible to train much deeper networks than before.
ResNet’s innovative design, with residual blocks to capture complex features, quickly
gained popularity and won the 2015 ILSVRC classification task [44].

VGG and ResNet share a notable similarity in their depth, with VGG reaching up
to 19 layers and ResNet extending this concept to 152 layers. However, they differ in
their approaches to addressing the vanishing gradient problem. While VGG suffers from
this issue due to its uniform structure, ResNet mitigates it with residual learning via skip
connections, allowing for gradients to bypass certain layers [45,46].

Additionally, VGG has a straightforward architecture of 3 × 3 convolutions and 2 × 2
pooling, while ResNet’s design is more complex due to its use of residual blocks. Together,
these architectures represent advances achieved through both theoretical and empirical
exploration in CNN development.

2.3.3. Maritime Computer Vision

Computer vision (CV) aims to replicate and enhance human visual interpretation capa-
bilities, bringing significant advancements to maritime operations. Traditional navigation
tools—such as vessel traffic services (VTSs), radar, and automatic identification systems
(AISs)—have been foundational in maritime monitoring but face limitations. Research by
Yassir et al. highlighted that camera surveillance systems can bridge these gaps, enhancing
threat prediction and mitigating illegal activities [47–50].

The integration of CNN-based CV has significantly advanced maritime image inter-
pretation, as shown in studies using specialized datasets for target classification. One
study achieved a 94% success rate in classifying marine targets using a CNN with data
augmentation [51]. Another, by Gallego et al., utilized the MASATI dataset and transfer
learning, boosting accuracy to 99.76% with pre-trained models like VGG and ResNet [52].
Fang et al. further enhanced detection of small targets using CNNs with infrared imaging,
demonstrating improvements in robustness and accuracy [53].

Recent developments in UAVs and sensor technology, paired with increased computa-
tional power, have propelled CV applications in maritime surveillance. UAVs equipped
with CV have shown success in object detection, utilizing models like YOLO for real-time
performance [54]. Lo et al. and Lygouras et al. demonstrated YOLO’s efficiency in UAV-
based surveillance, showing the potential of deep learning for dynamic object tracking and
search-and-rescue (SAR) tasks [55–58].

Reflecting this growing importance, the Maritime Computer Vision (MaCVi) workshop
debuted in 2023, emphasizing the rising role of CV in maritime applications [59].
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2.3.4. Label Noise

To develop high-performance deep learning models, experts employ various tech-
niques, including preprocessing, data augmentation, and transfer learning from established
architectures. However, a common issue in real-world data is label noise, which can sig-
nificantly impact model outputs. Label noise, where labels are incorrectly assigned due
to errors or deliberate alterations, affects real-world datasets with an estimated 8–38.5%
corruption rate [60,61]. Errors arise from random noise during data collection or label-
ing, and intentional data poisoning, where attackers manipulate data to degrade model
performance [62,63].

Researchers have proposed various methods to mitigate label noise’s effects without
major structural changes. For instance, Ren et al. introduced a meta-learning algorithm
that weights training samples by gradient orientation to improve performance under noisy
labels [64]. Thulasidasan’s deep abstaining classifier (DAC) selectively ignores confusing
samples during training, enhancing robustness [65]. Chen et al. implemented a hierarchical
structure to adapt loss based on noise ratios, bolstering model resilience [66]. Narasimhan
et al. combined learning-to-reject (L2R) with out-of-distribution (OOD) detection to handle
outliers and complex samples, allowing for the model to abstain from such instances
effectively [67–70].

This study builds on Royset et al.’s Rockafellian relaxation [25], which optimizes
models by allowing flexibility in decision-making under label noise, enhancing stability.
Rockafellian relaxation analyzes the sensitivity of assumptions and parameters, supporting
robust optimization [71]. We apply this framework to improve the reliability of computer
vision (CV) in maritime contexts, focusing on label accuracy and model stability, aiming to
contribute to resilient deep learning models in noisy environments.

2.4. Rockafellian Risk Minimization

This section develops Rockafellian relaxation in the context of ML, leading to Rock-
afellian Risk Minimization (RRM) as a means for training in settings with corrupt data. We
contrast the approach with ERM and discuss computational aspects.

2.4.1. Formulation

In a labeled set {x j, yj, j = 1, . . . , n
}

of images, xj specifies the attributes of each pixel
in the j-th image and yj is the corresponding label we seek to determine a parameter vector
w in a neural network (NN) so that the prediction corresponds to the label. Considering
two labels, −1 and 1, and gw

(
xj
)

as the NN prediction for the j-th image’s label, the binary
cross-entropy loss function (Equation (4)) is used to determine the vector w that minimizes
the loss:

f j(w) =

{
−ln gw

(
xj
)

i f yj = 1
−ln

(
1 − gw

(
xj
))

i f yj = −1.
(4)

Classical ERM then amounts to solving the optimization problem:

minimize
w∈Rd

∑n
j=1 pj fj(w), (5)

where pj = 1/n typically but the data points can also be weighted differently.
In many applications, data corruption can occur due to various reasons such as data

collection and labelling entry errors, or even adversarial attacks intended to poison the
training data and disrupt the system. As pointed out by Royset et al. [25], and elaborated
in section D of chapter II, an NN that has been trained using ERM may not perform well if
the training data are corrupted. This observation provides a strong motivation for RRM,
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an adaptive method to identify and remove corrupted data points, hence improving the
overall performance and reliability of the model [72].

RRM leverages auxiliary decision variables u1, . . . , un, to adjust the probability
associated with each data point. This leads to the formulation

minimize
w∈Rd ,u∈U

∑n
j=1

(
(p j + uj

)
f j(w) + θ

∣∣uj
∣∣) , (6)

where θ represents a penalty parameter, u is a perturbation vector with n dimensions that
alters the nominal probability vector p, and the set

U =
{

u ∈ R
n
∣∣∣uj ≥ −pj, ∑n

j=1 uj = 0
}

. (7)

We adjust the probability associated with each data point by adding uj to pj. To
identify corrupted data points, we optimize u based on their calculated loss with the goal
of reducing the probability that affects f j(w) to zero. This effectively eliminates the data
point from being considered in the training process.

2.4.2. Training Algorithm

The RRM method consists of the usage of an Alternating Direction Heuristic based
on Linear Programming (ADH-LP), which alternates between optimizing different sets
of variables while keeping the others fixed, hence the name “alternating direction”. This
strategy begins by optimizing w, which adjusts the neural network weights. Subsequently,
we optimize u to modify each data point’s probability, isolating and discarding potential
data corruption. The model is refined progressively in each cycle until it reaches the number
of iterations defined by the user. Linear programming optimizes u through an objective
function with linear constraints, and the parameter is the step size μ ∈ (0,1] that updates u
at each iteration i. We note that components of ui sum to zero and are always greater than
−pj. The details of the algorithm are given next.

Alternating Direction Heuristic (ADH-LP)
Data. Number of epochs κ, number of iterations τ, initial weights w0, and stepsize μ.
Step 0. Set iteration counter i = 1, p1 = p, u1 = 0.
Step 1. Starting from wi−1, apply SGD-type algorithm for κ epochs to the problem

minimize
w∈Rd

∑n
j=1 pi

j fj(w). (8)

Let wi be resulting solution.
Step 2. Select ui+1 for application in the LP based on wi and ui.
Step 3. Solve the linear optimization problem

minimize
u∈U ,v∈ Rn∑

n
j=1

(
uj fj

(
wi

)
+ θvj

)
s.t.uj ≤ vj, −uj ≤ vj, j = 1, . . . , n.

Let ( u∗, v∗) be a minimizer.
Step 4. Set ui+1 = μu* + (1 − μ)ui. Go to Step 3.
Step 5. If i < τ , set pi+1 = p + ui+1, replace i by i + 1, and back to Step 1.
Else, stop.

3. Results

In this section, we delve into the model’s results, beginning with a discussion on
datasets, data preprocessing, optimizers, and network structures. We then present the
results achieved by our ERM and RRM models both without label contamination and under
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varying levels of label contamination in training data. Following this, we analyze the behav-
ior of our perturbation vector values in specific cases. Finally, we evaluate the adaptability
and robustness of RRM compared to ERM across different contamination levels.

We utilize two datasets: the Airbus Ship Detection (AIRBUS) [73] and Maritime
Satellite Imagery (MASATI) [52] datasets.

Each dataset is examined in its own subsection, detailing unique characteristics and
specific challenges. In both, we consider an environment without label contamination
and another where label contamination in the training set is gradually increased, starting
from 10%, 20%, 30%, and 40% by randomly swapping training example labels. Higher
contamination levels of 50% and 60% were tested, but the CNNs struggled to learn patterns
at these levels.

The CNN topology used in this study was selected through a combination of empirical
experimentation and systematic hyperparameter tuning to balance performance and com-
putational efficiency. The primary focus of this research is not the CNN architecture itself
but the application of the RRM methodology to mitigate label noise in maritime datasets.
However, to ensure that the CNN was capable of effectively extracting relevant features,
the spatial resolution of the input images was carefully considered. Both datasets used in
this study—MASATI and Airbus Ship Detection—contain RGB images resized to the same
dimensions, ensuring consistency in preprocessing and compatibility with a single CNN
topology. This standardization eliminated the need to design separate architectures for
each dataset.

The choice of resizing was guided by the need to maintain visual clarity of small
vessels, which are critical targets for detection. The resolution was adjusted to a level
where ships could still be visually distinguishable to the human eye, preserving key spatial
features while reducing computational demands. Although the datasets originally differ in
resolution—768 × 768 pixels for AIRBUS and 512 × 512 pixels for MASATI—resizing them
to a common input dimension ensured that the CNN could process both datasets effectively
without requiring topology modifications. This approach provided a consistent framework
for evaluating the RRM methodology across datasets with varying characteristics.

The relationship between spatial resolution and CNN topology is particularly relevant
for detecting ships of varying sizes. High-resolution images allow for the identification of
smaller ships, while maintaining a balance between resolution and computational efficiency
ensures practical applicability in real-world scenarios. By adopting a standardized prepro-
cessing approach and ensuring that the resized resolution was sufficient to retain critical
features, the CNN topology was made robust and generalizable. This design decision
highlights the emphasis on evaluating the RRM’s effectiveness, while ensuring the CNN’s
ability to process maritime data with diverse spatial resolutions.

Our experiments are conducted using Tensorflow version 2.11.0. For w-optimization
in the first phase of the ADH process, we employ two NN optimizers: Adam [74] and
SGD [75]. Adam is set with a learning rate of 1.0·10−3, while SGD uses a learning rate of 0.1
for the AIRBUS dataset and 0.02 for the MASATI dataset, with a momentum of 0.9 for both
datasets. All experiments run on a single Nvidia Tesla V100 GPU with 32 GB of memory.

For u-optimization in the second phase of the ADH process, we use the ADH-LP
algorithm, implemented with Pyomo version 6.4.0 and the CPLEX solver.

We investigate various network architectures, learning rates, and other hyperparam-
eters, though our goal is not to enhance performance by altering network architecture.
Instead, we aim to show that an RRM approach can offer benefits over an ERM approach
regardless of network configuration. For comparison, we select two network configurations.
Both CNNs take resized 128 × 128 × 3 images as input, with ReLU activation in hidden lay-
ers and two softmax-activated output units for binary classification. The Adam-optimized
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CNN has 2,228,002 trainable parameters, while the SGD-optimized CNN has 8,409,026.
Tables 1 and 2 detail the CNN structures used with each optimizer. Both networks use
binary cross-entropy as the loss function.

Table 1. Description of the CNN used for Adam.

# Layer Filters Kernel Size Output Size # Parameters

1
Convolution

16
3 × 3 128 × 128 × 16

448
Max-Pooling 2 × 2 64 × 64 × 16

2
Convolution

32
3 × 3 64 × 64 × 32

4640
Max-Pooling 2 × 2 32 × 32 × 32

3
Convolution

64
3 × 3 32 × 32 × 64

18,496
Max-Pooling 2 × 2 16 × 16 × 64

4
Convolution

128
3 × 3 16 × 16 × 128

73,856
Max-Pooling 2 × 2 8 × 8 × 128

5 Fully connected 256 1 × 256 2,097,408

6 Fully connected 128 1 × 128 32,896

7 Softmax (Output) 2 1 × 2 258

Table 2. Description of the CNN used for SGD.

# Layer Filters Kernel Size Output Size # Parameters

1 Convolution

32 3 × 3 128 × 128 × 32

896

2
Batch

Normalization
Activation

128

3 Max-Pooling 2 × 2 64 × 64 × 32 -

4
Convolution
Activation 64

3 × 3 64 × 64 × 64
18,496

Max-Pooling 2 × 2 32 × 32 × 64

5 Fully-connected

128 1 × 128

8,388,736

6
Batch

Normalization
Activation

512

7 Softmax (Output) 2 1 × 2 258

After establishing a baseline model with ERM, we apply the RRM algorithm ADH-LP
using the same network configurations.

For ERM, we set the number of epochs κ = 500. For RRM algorithm, we establish κ = 10
and iterations τ = 50, which guarantees that all heuristic runs will include 500 epochs. The
ADH-LP uses the default step size parameter μ = 0.5. Concerning the penalty parameter θ
in both ERM and RRM, we show 5 different levels of θ to evaluate their performance in the
u-optimization across the values of θ ∈ {0.15, 0.20, 0.25, 0.30, 0.35}. Table 3 summarizes the
parameters described.
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Table 3. Parameters for ERM and RRM.

Parameters

Algorithm Epochs (κ) Iterations (τ) Stepsize (μ) Penalty (θ)

ERM 500 1 - -

RRM(ADH-LP) 10 50 0.5 0.15, 0.20, 0.25,
0.30, 0.35

To compare results, we ensure that the random seed is the same at two specific times
for all runs: when we divide the data into training and testing sets and when we execute
closed-set contamination through label swapping.

Table 4 summarizes the algorithm runtimes over 500 epochs, separating the time used
for the w-optimization and for u-optimization processes in both datasets.

Table 4. Computational time of algorithms.

Dataset

MASATI AIRBUS

CNN Optimizer CNN Optimizer

Adam SGD Adam SGD

Optimization phase w u w u w u w u

Algorithm Total runtime in seconds over optimization phases

ERM 500 - 1400 - 22,500 - 68,500 -

RRM
(ADH-LP) 500 600 1400 600 22,500 1000 68,500 1000

There are noticeable differences between the MASATI and AIRBUS datasets and the
Adam and SGD optimizers. When using the Adam optimizer on the MASATI dataset, the
ADH-LP method takes 1100 s. However, if we switch to the SGD optimizer, ADH-LP takes
2000 s. Looking at the AIRBUS dataset, with the Adam optimizer, RRM with ADH-LP
takes 23,500 s to complete. Under the SGD optimizer, ADH-LP requires 69,500 s. It is worth
noting that the ADH-LP method takes longer in the u-optimization process, especially in
the larger AIRBUS dataset.

3.1. MASATI Dataset

The MASATI dataset [52] provides a rich collection of maritime scenes captured
through optical aerial imagery in the visible spectrum. Designed to evaluate ship detection
and classification methods, MASATI stands out for its representation of dynamic marine
environments. Each image in the dataset is a color (RGB) image with a fixed resolution
of 512 × 512 pixels, stored in the PNG format, which ensures lossless image quality and
preserves visual details critical for machine learning applications. The dataset incorporates
significant variability in weather, lighting, and the presence of multiple targets, making it a
challenging yet valuable resource for robust model evaluation.

The full MASATI dataset consists of 7389 labeled images distributed across seven
distinct classes: coast, land, ship, sea, coast–ship, multi, and detail. These classes are
designed to represent the diverse maritime conditions and scenes captured within the
dataset, ranging from open water to coastlines and complex multi-target scenarios. For this
study, however, the dataset was adapted to a binary classification problem. Specifically, two
classes were selected: “ship”, comprising 1027 images, and “sea”, containing 1022 images.
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This reduced the dataset to a total of 2049 images, enabling a focused investigation into the
presence or absence of ships in maritime environments.

Despite its relatively small size, this binary subset of the MASATI dataset offers a
unique opportunity to assess the robustness and adaptability of ship detection algorithms.
The limited number of images emphasizes the need for efficient model training and testing,
ensuring that the results are not overly reliant on large-scale data. This makes MASATI
particularly valuable for evaluating the performance of algorithms in scenarios where data
availability is constrained, a common challenge in real-world maritime applications.

Furthermore, the inclusion of challenging environmental factors, such as varying
weather conditions, illumination changes, and the presence of multiple targets within a
single image, highlights the dataset’s complexity. These characteristics ensure that any
proposed method must be versatile and robust to deliver accurate results. Figure 10 of
the study illustrates some example images from the dataset, showcasing the diversity and
dynamic nature of the scenes captured.

 
Figure 10. MASATI dataset images. Source: [52].

3.1.1. Accuracy Results with MASATI

In this section, we show our results in the MASATI dataset, explicitly focusing on the
accuracy score, which indicates how effectively our models can classify images within the
test set. Along with presenting the results, we also provide a thorough analysis to interpret
the observed performance.

In MASATI, the train/test split is achieved using a 90/10 proportion, which results in
1844 images in the training set and 205 in the test set.

The final test accuracy results for ERM and RRM with ADH-LP using Adam optimizer
are shown in Table 5 at various levels of corruption.
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Table 5. Final test accuracy in MASATI for ERM and RRM (ADH-LP/Adam).

Corrupted Training Data Percentage

Method 40% 30% 20% 10% 0%

ERM 0.624 0.653 0.785 0.858 0.941

RRM (μ = 0.5)
θ = 0.15 0.624 0.668 0.800 0.863 0.951
θ = 0.20 0.609 0.726 0.848 0.878 0.931
θ = 0.25 0.668 0.682 0.814 0.863 0.941
θ = 0.30 0.604 0.702 0.804 0.843 0.926
θ = 0.35 0.614 0.692 0.756 0.834 0.921

Note: The values highlighted in gray represent the cases where RRM outperform or match ERM.

The RRM method exhibits performance at par or even superior to ERM at various
levels of data corruption, especially for specific penalty values. Remarkably, when the
values of 0.15, 0.20, and 0.25 are chosen for θ, they yield the best overall performance.
For example, θ = 0.15 performs exceptionally well at lower corruption levels, θ = 0.20
outperforms all other θ values at a 20% corruption level, and θ = 0.25 performs best at a
30% corruption level.

The performance difference is relatively minimal in scenarios where the RRM method
does not surpass ERM. This finding implies that even with non-optimal selections of θ, the
RRM method can deliver performance nearly equivalent to ERM. It accentuates the versa-
tility of the RRM method as a promising alternative to ERM, especially in environments
fraught with corrupted data.

The topology of the CNN used in this study was primarily selected based on empirical
results obtained during the experimentation phase and through a systematic hyperpa-
rameter search, ensuring a balance between performance and computational efficiency.
Although the primary focus of this research is the mathematical model for mitigating errors
in noisy datasets rather than the CNN architecture itself, the network design aimed to
effectively capture image patterns, including small vessels. To achieve this, the spatial
resolution of the images from both the MASATI and AIRBUS datasets was uniformly
resized to a level where small vessels could still be visually distinguishable to the human
eye. This resizing criterion ensured that critical visual features were preserved during
preprocessing.

Furthermore, as both datasets were resized to the same dimensions before being fed
into the CNN, there was no need to adapt the network topology to account for differences
in the original resolutions. This standardized approach simplified implementation and
allowed for a focused evaluation of the RRM methodology under varying levels of label
noise. The selected CNN topology and preprocessing pipeline proved sufficient to sup-
port the primary objective of this study: assessing the robustness of the proposed RRM
framework in scenarios with corrupted datasets.

The results of the experimentation phase suggest that a set of θ ∈ {0.15, 0.20, 0.25}
provides an optimal balance in modulating the penalty for model complexity versus the
fit to training data. This balance contributes to superior generalization of the test data,
particularly at intermediate corruption levels.

Now, turning to the SGD optimizer, Table 6 displays the final test accuracy results for
ERM and RRM in ADH-LP at various levels of corruption.
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Table 6. Final test accuracy in MASATI for ERM and RRM (ADH-LP/SGD).

Corrupted Training Data Percentage

Method 40% 30% 20% 10% 0%

ERM 0.556 0.546 0.581 0.663 0.648

RRM (μ = 0.5)
θ = 0.15 0.604 0.648 0.648 0.639 0.634
θ = 0.20 0.663 0.692 0.648 0.648 0.609
θ = 0.25 0.639 0.687 0.658 0.629 0.614
θ = 0.30 0.668 0.585 0.600 0.643 0.634
θ = 0.35 0.624 0.556 0.639 0.648 0.653

Note: The values highlighted in gray represent the cases where RRM outperforms or matches ERM.

From Table 6, the RRM method, when compared with ERM, delivers better or compa-
rable performance at different levels of data corruption.

Examining the selection of the θ ∈ {0.20, 0.25, 0.30}, we observe that these selections
yield the highest accuracies across the range of data corruption levels.

At a 40% corruption level, the RRM outperforms the ERM method. For θ = 0.20, the
accuracy improvement is a substantial 10.7%. Similarly, for θ = 0.30, the performance is
enhanced by 11.2% compared to ERM. When faced with 30%, the accuracy improvement
for θ = 0.20 over ERM is an impressive 14.6%, the highest observed in this dataset. In the
20% corruption level, the RRM with a θ = 0.25 exhibits a promising 7.7% improvement in
accuracy over the ERM.

Interestingly, at lower corruption levels of 10% and 0%, the performance of RRM
remains comparable to ERM. This reveals the versatility of the RRM method, maintaining
robust performance even as the corruption level diminishes.

The superior performance of RRM at higher corruption levels (20%, 30%, and 40%)
across all θ values, combined with its comparable performance at lower corruption levels,
indicates its resilience.

3.1.2. U-Optimization Analysis with MASATI

In the following section, we aim to examine the u-vector behavior in some MASATI
cases. We show the dynamic evolution of the perturbation vector values across the iterative
steps of the RRM algorithm and how it influences performance and resilience, thereby
illustrating its crucial role within this methodology.

The u-vector helps improve the model’s performance by adjusting the probability of
each data point. It assigns lower values to mislabeled examples excluding them from the
NN training process. The penalty parameter θ regulates the u-values and determines the
amount of non-zero u-values. It is important to note that increasing θ value results in a
higher penalty for non-zero u-values. However, setting θ to excessively low values can
cause too many examples to be assigned low u-values, resulting in a small training set for
the NN that cannot effectively learn patterns. Conversely, high θ values may incentivize
the model to select zero for all u-values, making the RRM model work as the traditional
ERM. Therefore, one must search for a θ value that can outperform ERM.

Table 7 illustrates the relationship between θ and u-values; we take one experiment
using RRM (ADH-LP) in various contamination levels and compare θ with mislabeled
images excluded from the NN training. An image is considered excluded from training if
its associated u-value achieves a value of −1/N, where N represents the total number of
training observations and 1/N is the nominal probability.
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Table 7. Penalty parameter and perturbation vector relationship in MASATI.

ADH-LP/SGD
RRM

(μ = 0.5)

Contamination Levels

40%
(737 Mislabeled Images)

30%
(553 Mislabeled Images)

20%
(368 Mislabeled Images)

10%
(184 Mislabeled Images)

Value of
Penalty θ

Model
Accuracy

# of
Mislabeled

Images
Excluded

Model
Accuracy

# of
Mislabeled

Images
Excluded

Model
Accuracy

# of
Mislabeled

Images
Excluded

Model
Accuracy

# of
Mislabeled

Images
Excluded

0.15 0.604 327 0.648 286 0.648 211 0.639 99

0.20 0.663 338 0.692 290 0.648 197 0.648 91

0.25 0.639 318 0.687 263 0.658 163 0.629 94

0.30 0.668 295 0.585 230 0.600 159 0.643 87

0.35 0.624 253 0.556 213 0.639 140 0.648 71

Looking at the 30% label contamination column in Table 7, we take a closer look at
the cases where the best (θ = 0.20) and the worst (θ = 0.35) test accuracies were achieved.
Starting with the worst case, where θ = 0.35, Figure 11 displays the accuracy of training
(red curve) and test (blue curve) of ERM (left) and RRM (right) over 500 epochs. The test
accuracies are very comparable in both approaches, where RRM achieves 0.556 against
0.546 of ERM.

 

Figure 11. Training and test accuracy for ERM (left) and RRM ADH-LP/θ = 0.35 (right) on MASATI
with 30% of contamination.

Table 8 reports the evolution of the u-vector across the initial updates and its final
update. The columns, labeled by the i-counter value, display the distribution of ui-values
after each u-optimization, covering 553 mislabeled and 1291 correctly labeled images.

Table 8. Evolution of u-vector across ADH-LP/SGD in MASATI (30% contamination; θ = 0.35).

Nominal Probability
(1/N)

5.4·10−4

Iteration Number

i = 1 i = 2 i = 49

ui-Values
Mislabeled

Images

Correct
Labeled
Images

Mislabeled
Images

Correct
Labeled
Images

Mislabeled
Images

Correct
Labeled
Images

>>0 0 1 0 1 1 1

≈0 304 813 266 782 338 1005

−1.5 · 10−4 0 0 37 92 1 5

−2.7 · 10−4 249 477 38 41 0 1

−4.0 · 10−4 0 0 212 375 0 1

−5.4 · 10−4 0 0 0 0 213 278

Total of images 553 1291 553 1291 553 1291
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During the initial iteration, some images from both label categories receive a ui-value
of −2.7 · 10−4. A larger number from both groups retains their initial ui-value of zero,
indicating no changes. With the second update, there is a discernible shift within the range
of u-values as the algorithm seeks to adjust probabilities in its u-optimization process.

Upon the final update, the algorithm identifies 213 out of 553 incorrectly labeled
images. These images are assigned a ui-value of −5.4 · 10−4, effectively excluding them
from further NN training. This exclusion stems from the fact that this ui-value nullifies the
nominal probability assigned to the images at the inception.

While a minor proportion of the correctly labeled images receive this lowest ui-value,
the majority (1005 out of 1291) retain their initial probability or a value close to it and
continue contributing to the NN training process.

The scenario is different when we shift to the best accuracy of RRM where θ = 0.20.
Figure 12 displays the accuracy of training (red curve) and test (blue curve) of ERM (right)
and RRM (left) over 500 epochs. The test accuracies are different, and we clearly note the
improvement of RRM against ERM. In that case, RRM achieves 0.692 against 0.546 of ERM.
The accuracy plots show much less noise and more stability in the RRM test accuracy curve
compared to the ERM and the previous RRM test accuracy curve.

 

Figure 12. Training and test accuracy for ERM (left) and RRM ADH-LP/θ = 0.20 (right) on MASATI
with 30% of contamination.

Table 9 displays the u-vector evolution of the RRM best case scenario in the two early
updates and how it finished in its last update.

Table 9. Evolution of u-vector across ADH-LP/SGD in MASATI (30% contamination; θ = 0.20).

Nominal Probability
(1/N)

5.4·10−4

Iteration Number

i = 1 i = 2 i = 49

ui-Values
Mislabeled

Images

Correct
Labeled
Images

Mislabeled
Images

Correct
Labeled
Images

Mislabeled
Images

Correct
Labeled
Images

>>0 0 1 0 1 0 1

≈0 133 453 93 370 260 863

−1.5 · 10−4 0 0 39 105 3 1

−2.7 · 10−4 420 837 40 83 0 0

−4.0 · 10−4 0 0 381 732 0 0

−5.4 · 10−4 0 0 0 0 290 426

Total of labels 553 1291 553 1291 553 1291
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During the initial iteration, we have more images from both label categories receiving
the ui-value of −2.7 · 10−4, and the minority from both groups retaining their initial ui-
value of zero. In the second update just 93 of the 553 incorrectly labeled images remained
with the initial ui-value of zero. Observing RRM test accuracy in Figure 12, we notice that
it stabilizes around epoch 75 and even slightly improves with additional epochs. This
suggests that RRM may benefit from additional training past 500 epochs. Moreover, the
stabilization of the test accuracy corresponds to the stabilization of u-value assignments.

Upon the final update, the algorithm identifies 290 out of 553 incorrectly labeled
images, 77 more than the worst case. These images are assigned a ui-value of −5.4 · 10−4,
effectively excluding them from further NN training.

While a considerable proportion of the correctly labeled images receive this lowest
ui-value, the majority (863 out of 1291) retain their initial probability or a value close to it
and continue contributing to the NN training process.

3.2. AIRBUS Dataset

The Airbus Ship Detection dataset [73], initially introduced as part of a Kaggle compe-
tition in 2018, is a large-scale collection of satellite imagery provided by Airbus (Blagnac,
France). It serves as a benchmark for testing and improving machine learning models for
ship detection in maritime environments. The dataset includes 18,392 satellite images, all
formatted as RGB files with a fixed resolution of 768 × 768 pixels. These images are stored
in JPG format, which, while efficient for storage, introduces compression artifacts that can
pose challenges for precise image analysis. Each image is accompanied by annotations in
the form of segmentation masks that highlight the exact location of ships when present.

For the purpose of this study, a balanced subset of the dataset was extracted to ensure
equal representation of both categories: “ship” and “no ship”. From the original dataset, a
total of 10,428 images were selected, evenly divided between the two classes, resulting in
5214 images for each. This random sampling approach not only maintains a balance in class
distribution but also ensures that the evaluation metrics reflect an unbiased performance
across both detection and non-detection scenarios. Such a balanced setup is critical for
reducing model bias and improving generalizability to real-world data where ship presence
might vary significantly.

The dataset also captures a wide variety of maritime conditions, including different
lighting, weather, and environmental scenarios. This variability introduces significant
challenges for computer vision algorithms, as models must contend with factors such as
shadows, partial occlusions, and atmospheric distortions. Additionally, smaller vessels
are particularly difficult to detect due to their reduced size relative to the overall image
dimensions. The inclusion of these complexities makes the Airbus Ship Detection dataset
an excellent choice for evaluating the robustness and performance of advanced machine
learning approaches, such as the RRM method employed in this study. Figure 13 illustrates
some images of AIRBUS.
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Figure 13. AIRBUS dataset images. Source: [73].

The MASATI dataset contains 2049 images. In contrast, the AIRBUS dataset, con-
taining nearly five times more images, allows for us to evaluate our algorithm in a more
data-rich environment. Both data-limited and data-rich situations are likely in practical
scenarios. Therefore, analyzing our algorithms in a more data-rich environment adds an
important dimension.

3.2.1. Accuracy Results with AIRBUS

In this section, we present the results of the AIRBUS dataset, focusing on the test
accuracy score, which measures how effectively our models can classify images in the test
set. We also provide a comprehensive analysis to interpret the observed performance.

In this dataset, the train/test split was achieved using an 80/20 proportion, which
resulted in 8340 images in the training set and 2086 in the test set.

The final test accuracy results for ERM and RRM with ADH-LP using Adam optimizer
are shown in Table 10 at various levels of corruption.

Table 10. Final test accuracy in AIRBUS for ERM and RRM (ADH-LP/Adam).

Corrupted Training Data Percentage

Method 40% 30% 20% 10% 0%

ERM 0.588 0.657 0.729 0.797 0.867

RRM (μ = 0.5)
θ = 0.15 0.602 0.692 0.758 0.831 0.868
θ = 0.20 0.607 0.668 0.751 0.819 0.875
θ = 0.25 0.616 0.690 0.763 0.823 0.867
θ = 0.30 0.619 0.686 0.783 0.824 0.872
θ = 0.35 0.602 0.695 0.767 0.819 0.872

Note: The values highlighted in gray represent the cases where RRM outperform or match ERM.

Despite the data corruption level, RRM consistently delivers better accuracy than
ERM. This performance advantage holds across all tested θ values.

In all corruption levels, the superior performance of RRM is evident, even in a no-
corruption setting. This highlights the effectiveness of the RRM methodology not just in
handling corrupted data but also in solving complex hidden data patterns.
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At the 20% corruption level, RRM with a θ = 0.30 demonstrates a substantial increase
in accuracy, as high as 5.4% over ERM, which showcases the potential effectiveness of RRM
when dealing with moderate data corruption. Similarly, the most remarkable improvement
for the 30% corruption scenario was 3.8% with a θ = 0.35.

Looking at the overall performance across different corruption levels, the θ = 0.25
setting emerges as a consistently strong choice. This configuration delivers higher or
equivalent accuracy compared to ERM across all contamination levels.

In summary, these findings underscore RRM’s potential as a resilient and practical
approach to handling various levels of data corruption, consistently matching or even
slightly outperforming the ERM. The analysis supports the robustness of RRM and its
broader applicability in tasks that involve varying degrees of data corruption.

Now, turning to the SGD optimizer, Table 11 displays the final test accuracy results for
ERM and RRM in ADH-LP at various levels of corruption, respectively.

Table 11. Final test accuracy in AIRBUS for ERM and RRM (ADH-LP/SGD).

Corrupted Training Data Percentage

Method 40% 30% 20% 10% 0%

ERM 0.560 0.629 0.681 0.735 0.769

RRM (μ = 0.5)
θ = 0.15 0.603 0.739 0.745 0.774 0.764
θ = 0.20 0.671 0.755 0.753 0.775 0.769
θ = 0.25 0.687 0.733 0.757 0.769 0.767
θ = 0.30 0.684 0.744 0.764 0.765 0.774
θ = 0.35 0.661 0.747 0.764 0.770 0.779

Note: The values highlighted in gray represent the cases where RRM outperforms or matches ERM.

Similar to the previous example the table shows that the RRM consistently delivers
better accuracy than ERM. This performance advantage holds across all tested θ values.

At the 20% corruption level, the RRM method exhibits superior performance, par-
ticularly when configured with a θ value of 0.30. It shows a remarkable 8.3% improve-
ment in accuracy over ERM. As the corruption level rises to 30% and θ = 0.20, RRM
demonstrates an impressive accuracy improvement of 12.6% compared to ERM. Finally,
at the 40% corruption level, the robustness of RRM becomes even more evident. In the
set θ ∈ {0.20, 0.25, 0.30}, the RRM method delivers substantial accuracy improvements of
11.1%, 12.7%, and 12.4% over ERM, respectively.

In the lower corruption levels of 10% and 0%, the performance of RRM remains
comparable or slightly superior to ERM. This underlines the flexibility of the RRM method,
as it maintains strong performance even when the level of corruption decreases.

The most consistently effective choice of θ across the range of corruption levels appears
to be θ = 0.30. It is the best choice for managing different levels of corruption in the AIRBUS
dataset when using ADH-LP with SGD, as it consistently performs well, even in high
corruption levels, and maintains similar results to other values in scenarios with 10% or
no corruption.

3.2.2. U-Optimization Analysis with AIRBUS

In the following section, we aim to examine the u-vector behavior in some AIRBUS
cases. Table 12 illustrates the relationship between θ and excluded images by the perturba-
tion vector using RRM (ADH-LP) in different levels of label contamination.
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Table 12. Penalty parameter and perturbation vector relationship in AIRBUS.

ADH-
LP/SGD

Contamination Levels in AIRBUS

40%
(3336 Mislabeled Images)

30%
(2502 Mislabeled Images)

20%
(1668 Mislabeled Images)

10%
(834 Mislabeled

Images)

Value of
Penalty θ

Model
Accuracy

# of
Mislabeled

Images
Excluded

Model
Accuracy

# of
Mislabeled

Images
Excluded

Model
Accuracy

# of
Mislabeled

Images
Excluded

Model
Accuracy

# of
Mislabeled

Images
Excluded

0.15 0.603 1985 0.739 1812 0.745 1210 0.774 621

0.20 0.671 2108 0.755 1767 0.753 1200 0.775 587

0.25 0.687 2127 0.733 1701 0.757 1158 0.769 573

0.30 0.684 2019 0.744 1636 0.764 1154 0.765 564

0.35 0.661 1737 0.747 1635 0.764 1109 0.770 538

Looking at the 40% label contamination column in Table 12, when θ = 0.25, we have
the highest number of mislabeled images excluded (2127 images) and the best test accuracy
achieved (0.687) at this contamination level. The worst accuracy (0.603) is achieved when
θ = 0.15. Figure 14 displays the accuracy of training (red curve) and test (blue curve) of
ERM (left) and RRM (right) over 500 epochs. The test accuracies differ in 4.3%, where RRM
achieves 0.603 against 0.560 of ERM.

 

Figure 14. Training and test accuracy for ERM (left) and RRM ADH-LP/θ = 0.15 (right) on AIRBUS
with 40% contamination.

Table 13 reports the u-vector evolution of u-optimization across 3336 mislabeled
images and 5004 correctly labeled images, when θ = 0.15.

Table 13. Evolution of u-vector across ADH-LP/SGD in AIRBUS (40% contamination; θ = 0.15).

Nominal Probability
(1/N)

12.0·10−5

Iteration Number

i = 1 i = 2 i = 49

ui-Values
Mislabeled

Images

Correct
Labeled
Images

Mislabeled
Images

Correct
Labeled
Images

Mislabeled
Images

Correct
Labeled
Images

>>0 0 1 0 1 0 2

≈0 131 264 64 194 1346 3135

−3.0 · 10−5 0 0 24 63 2 1

−6.0 · 10−5 3205 4739 67 153 3 6

−9.0 · 10−5 0 0 3181 4593 0 0

−12.0 · 10−5 0 0 0 0 1985 1860

Total of images 3336 5004 3336 5004 3336 5004
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During the initial iteration, as the penalty is very low (θ = 0.15), the vast majority of
images from both label categories receives the ui-value of −6.0 · 10−5, and the rest retain
their initial ui-value of zero. In the second update, just 64 of the 3336 incorrectly labeled
images remained with the initial ui-value of zero. Eventually, over iterations, the u-value
distribution stabilizes, along with test accuracy.

At the final update, the algorithm identifies 1985 out of 3336 incorrectly labeled images.
These images are assigned a ui-value of −12 · 10−5, effectively excluding them from further
NN training, as this value represents the nominal probability in AIRBUS dataset. In the
correct labeled images column, we notice a very similar number of images (1860) receives
the lowest ui-value and the majority (3135 out of 5004) retain their initial probability or a
value close to it and contributes to the NN training process.

We also analyze the case where θ = 0.25, and it shows how crucial is the choice of our
penalty parameter θ. Using RRM, this experiment reaches the best test accuracy of 0.687,
an improvement of 12.7% in accuracy compared to the 0.560 of ERM. Figure 15 shows the
accuracy of training (red curve) and test (blue curve) of ERM (left) and RRM (right) over
500 epochs.

 

Figure 15. Training and test accuracy for ERM (left) and RRM ADH-LP/θ = 0.25 (right) on AIRBUS
with 40% contamination.

Table 14 reports the u-vector evolution of u-optimization across 3336 mislabeled
images and 5004 correctly labeled images, when θ = 0.25.

Table 14. Evolution of u-vector across ADH-LP/SGD in AIRBUS (40% contamination; θ = 0.25).

Nominal Probability
(1/N)

12.0·10−5

Iteration Number

i = 1 i = 2 i = 49

ui-Values
Mislabeled

Images

Correct
Labeled
Images

Mislabeled
Images

Correct
Labeled
Images

Mislabeled
Images

Correct
Labeled
Images

>>0 1 0 1 0 1 0

≈0 418 1257 312 1117 1192 3591

−3.0 · 10−5 0 0 142 590 7 1

−6.0 · 10−5 2917 3747 106 140 2 2

−9.0 · 10−5 0 0 2775 3157 5 6

−12.0 · 10−5 0 0 0 0 2129 1404

Total of images 3336 5004 3336 5004 3336 5004

During the initial iteration, a considerable number of images from both label categories
receives the ui-value of −6.0 · 10−5, 2917 of 3336 in the mislabeled portion and 3747 of
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5004 in the correct labeled portion; the rest retain their initial ui-value of zero. In the second
update, until the run reaches 50 epochs, we have a picture of how the u-optimization
process of assigning more mislabeled images with lower and lower u-values iteratively
coincides with iterative improvements in test accuracy. Looking at Figure 15, this appears
to manifest as “sawtooth” jumps improvements in test accuracy early iterations.

At the final update, the algorithm identifies 2129 out of 3336 incorrectly labeled images,
144 more than when θ = 0.15. These images are assigned a ui-value of −12 · 10−5, and they
are effectively excluded of the NN learning process. Otherwise, in the correctly labeled
image column, the number of images retaining zero ui-value increases to 3591, which
guarantees 456 more correctly labeled images from the NN training process.

4. Conclusions and Future Work

4.1. Conclusions

In this study, we propose an alternative strategy for training neural networks (NNs)
that deviates from the traditional empirical risk minimization (ERM) approach. Our
method, known as Rockafellian Risk Minimization (RRM), provides a more robust model
that may outperform ERM, especially in cases where data contains label noise.

We apply our methodology to two distinct datasets, MASATI and AIRBUS. A suit-
able NN architecture is selected for both, and we conduct analyses under two optimizer
configurations (Adam and SGD). In each case, we compare ERM with RRM ADH-LP.

In the MASATI dataset using the Adam optimizer, the ADH-LP configuration benefits
significantly from RRM, with optimal θ values ranging from 0.15 to 0.25, outperforming
or matching ERM. When switching to the SGD optimizer, RRM with ADH-LP performs
especially well in handling data corruption levels from 20–40%. The ideal θ values are ap-
proximately 0.20 to 0.30, highlighting ADH-LP’s resilience in high data corruption contexts.

Across both optimizers (Adam and SGD), ADH-LP demonstrates superior perfor-
mance with the RRM method. Notably, under the SGD optimizer, ADH-LP maintains
high-performance levels even as data corruption increases, showcasing a remarkable ability
to withstand noise without significant performance loss. This resilience in the face of data
corruption positions ADH-LP as the preferred algorithm for both Adam and SGD contexts.

For the AIRBUS dataset, RRM using Adam and ADH-LP consistently achieves com-
petitive or superior results compared to ERM across all corruption levels, with the optimal
θ around 0.25. This shows RRM’s robustness in uncovering complex hidden data patterns
and handling label noise. With the SGD optimizer, RRM again performs well under ADH-
LP, particularly under corruption scenarios of 20%, 30%, and 40%, with a notable θ = 0.30
yielding improvements of up to 12.6%.

In cases without label contamination in the AIRBUS dataset, ADH-LP achieves the
highest accuracy across architectures, suggesting RRM’s effectiveness in managing complex
dataset patterns, allowing for it to exceed ERM.

To conclude, RRM has proven to be a robust method for handling label corruption in
the AIRBUS dataset. Across all configurations, the ADH-LP architecture under the SGD
optimizer stands out for its ability to sustain high performance levels despite increasing
corruption, establishing it as the top choice.

Overall, our analysis of the MASATI and AIRBUS datasets, using different optimizers
and data corruption levels, consistently demonstrates ADH-LP as the superior performer.
ADH-LP’s strength lies in its balance between managing data corruption and optimizing
performance, showing remarkable resilience against label noise while maintaining accuracy.
While RRM ADH-LP requires slightly longer processing time than traditional methods, the
test accuracy and robustness make ADH-LP the optimal choice in both Adam and SGD
contexts, confirming its resilience and robustness as the preferred algorithm.

80



Water 2025, 17, 401

4.2. Future Work

Despite the notable improvements in accuracy and robustness achieved through the
implementation of the RRM method, there remains significant potential for further enhance-
ment. A key area for exploration is the u-optimization process. Currently, u-optimization
effectively excludes up to 64% of mislabeled images in experiments where RRM outper-
forms ERM. However, by incorporating novel techniques into the u-optimization procedure,
this exclusion rate could be further improved, leading to even greater model accuracy
and resilience.

Advancements in computer vision, driven by enhanced AI and machine learning
algorithms, have unlocked unprecedented capabilities in automating complex tasks that
traditionally required human oversight. Tools such as convolutional neural networks
(CNNs), generative adversarial networks (GANs), and deep learning frameworks are
now integral to computer vision tasks. These tools enable more refined feature extraction
and pattern recognition, which are particularly valuable in high-stakes environments like
maritime surveillance. When applied to ship detection, these models can be tuned to
distinguish between various objects in challenging environments, such as open waters,
where factors like lighting, sea state, and occlusion can complicate detection.

For maritime surveillance systems, robust AI-driven algorithms like the enhanced
ADH-LP could offer transformative benefits. Unmanned aerial and underwater vehicles
equipped with high-precision computer vision models could autonomously detect, track,
and analyze vessels. This capability would bolster maritime security, improve illegal fishing
detection, and assist in search-and-rescue operations. By integrating RRM-based models,
which are resilient to label noise, these systems can maintain high accuracy even when
faced with inconsistent or imperfect data a common issue in real-world surveillance data.

Moreover, the adaptive nature of machine learning algorithms enables continuous
improvement in performance as they encounter diverse datasets, enhancing the ability
of these models to generalize across different maritime conditions and vessel types. This
adaptability is especially valuable in monitoring vast, complex marine environments, where
a single model must manage varied inputs. Advanced models using techniques like RRM
combined with adaptive learning strategies could help create surveillance systems capable
of making precise and timely decisions with minimal human intervention.

As AI and machine learning continue to evolve, their integration into computer
vision systems like the enhanced ADH-LP holds the potential to revolutionize maritime
operations. These advancements provide not only heightened accuracy and robustness
but also operational scalability, transforming how we approach surveillance and security
across extensive, dynamic environments such as open waters.
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Abstract: This study examined local communities’ perceptions of mangroves in coastal southeastern
Cuba. A variety of methods were employed, including mixed and structured questionnaire surveys,
interviews with key informants, and document reviews. Data were gathered from 334 respondents
living in communities adjacent to four mangrove social–ecological systems (SESs). The analysis
focused on five variables: community use of mangrove resources, ecosystem services, threats to
the ecosystem, management activities, and social–ecological relationships. To qualitatively assess
the influence of social–ecological relationships and governance, a matrix was created based on
anthropogenic activities identified by respondents and their perceptions of ecosystem services. A
Spearman’s rank correlation analysis was performed between demographic variables and identified
mangrove uses. The Kruskal–Wallis test was used to compare the frequency of mangrove uses and
the perception of ecosystem services among the studied areas. The results indicate that, while local
people recognise the uses and ecosystem services of mangroves, they do not rely on them for their
livelihoods. Perceptions of ecosystem services vary significantly depending on the occupation of
the respondents and the locality. They also showed moderate to full awareness of management
responsibilities and activities at each site. The most commonly identified threats were climate
change, drought, and deforestation. Three types of social–ecological relationships were identified
based on the characteristics of the communities, their economic activities, and their impacts on
the mangroves: urban–industrial, rural–agricultural, and rural–agricultural/tourism. Based on the
results, recommendations are made for ecosystem governance in the southeast of Cuba.

Keywords: ecosystem service; mangroves; ecosystem services; management; climate change; mitigation;
adaptation; nature-based solution; citizen participation
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1. Introduction

Addressing climate change mitigation requires a comprehensive understanding of
natural processes and the impacts of human development on these processes. In this
context, the framework of social–ecological systems (SESs) is pertinent. SESs represent
complex adaptive systems where human societies are closely integrated with nature [1,2].
Within the SES framework, the social component encompasses all human activities, while
the ecological component refers to the biosphere and its associated natural processes [3].
These components are interrelated, and their boundaries depend on the perspective of the
analysis. The interaction between these components is dynamic, and their limits are defined
according to the analytical perspective adopted. Ecosystem services, defined as the benefits
society derives from ecosystems, illustrate this interaction [3]. Analysing the relationships
within a defined SES facilitates the search for integrated solutions to problems arising from
human activities in specific ecosystems. This integrated approach is essential for developing
strategies that not only mitigate the negative effects of human development on natural
processes but also increase the resilience and sustainability of human and ecological systems.

Understanding and managing social–ecological relationships is crucial for the sus-
tainability of mangrove socioecological systems, ensuring that both human and ecological
needs are addressed in a balanced and sustainable manner. SESs comprising mangroves
are characterised by complex social and ecological relationships [2,4–7], including the
provision of ecosystem services and human activities [3] affecting them. The ecosystem
services encompass supporting, provisioning, regulating, and cultural or spiritual ser-
vices [8,9]. For example, coastal ecosystems contribute to climate regulation through carbon
sequestration. Mangroves, along with marshes and seagrasses, are classified as blue car-
bon ecosystems due to their significant capacity to sequester atmospheric carbon [10–13].
They can absorb and sequester substantial amounts of carbon through aboveground and
belowground biomass [13]. Moreover, the environmental conditions of these ecosystems
favour the long-term accumulation of organic matter in the soil [14]. Mangroves provide
critical regulatory services to coastal communities by mitigating the impact of waves, wind,
and flooding [15–18]. The climate regulation ecosystem service not only addresses the
causes of climate change but also mitigates its impacts. They also directly contribute to
the subsistence of coastal communities, as some species living in the mangrove ecosystem
are an important food resource; thus, mangroves support the local economy or household
livelihoods [19–22].

Despite their importance, mangroves are threatened by human activities, mainly those
that transform the spaces where these ecosystems develop [17,23,24]. Human activities
include overexploitation of resources, land use change, agricultural development, damming
of freshwater sources hydrological change in general, and pollution. The reduction or loss
of mangroves leads to the reduction or loss of the ecosystem services they provide, thus
diminishing the benefits for local communities [16,25,26]. In response, the international
scientific community is striving to integrate the value of ecosystem services into decision-
making processes regarding human development and conservation efforts [8,27].

Initiatives such as the Global Mangrove Alliance and the International Blue Carbon
Initiative recognise mangroves as high-priority ecosystems for climate change mitigation
through climate regulation [17,20]. Moreover, the way coastal communities perceive man-
grove ecosystem services influences the success of conservation efforts [28–30] and the
acceptance or not of management measures. Therefore, the priorities and preferences of
these communities should be integrated into the decision-making process [27,31,32]. It is
essential to work with both the mangrove ecosystem and the surrounding social system
to analyse how society benefits from nature [33,34]. Identifying the reasons for protecting
ecosystem services helps determine which services are relevant to stakeholders and informs
on the options to consider for management decisions [18]. There is substantial evidence in-
dicating that coastal communities significantly influence the ecological health of mangroves,
the quality of ecosystem services [35,36], and their governance structures [37–39]. Inade-
quate participation hinders, for example, the establishment of governance norms within
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the existing political framework, which in turn affects the management and conservation
of mangroves [39].

In Cuba, mangroves are recognised as vulnerable and significant coastal wetlands [24].
Globally, Cuba ranks 10th in terms of mangrove surface area [40], covering 5.1% of the
national territory and constituting 27% of the total forest area. Approximately 35% of
mangroves are legally safeguarded by the National System of Protected Areas (SNAP) and
are managed through various conservation measures [41]. Within SNAP, environmental
education initiatives, such as training sessions, workshops, and festivals, are exclusively
conducted in the communities surrounding the protected mangrove areas. The objective
of these activities is to foster community participation in mangrove conservation [42].
Although mangroves are primarily valued for their role in protecting coastal communities
and infrastructure from the effects of climate change, such as coastal flooding and strong
winds [24], efforts to quantify the ecosystem services they provide in terms of provisioning,
regulating, and supporting functions are gaining momentum in the country [43].

Despite the limited research on the analysis of perceptions within coastal communities
and governance to improve mangrove management in Cuba, existing evidence underscores
the local recognition of the importance of coastal ecosystems, particularly mangroves,
in sustaining subsistence activities such as fishing, tourism, and agriculture [24,44]. To
date, comprehensive studies are lacking in exploring the intricate social, ecological, and
governance dynamics within mangrove habitats. This study aims to elucidate the interac-
tions between SESs and governance in the mangroves of southeastern Cuba, focusing on
community perceptions of this valuable ecosystem, which are essential for its integrated
and sustainable management.

This research contributes to addressing climate change impact in Cuba by highlighting
the role of these ecosystems in carbon capture and storage to mitigate greenhouse gases.
Additionally, it promotes the sustainable use of terrestrial ecosystems by generating knowl-
edge on how to manage mangroves to maximise carbon retention. Furthermore, it supports
the development of sustainable coastal urban communities by revitalising urban green
spaces for carbon capture. Finally, this research contributes to sustainable development
goals, specifically to SDG 13 “Life of Terrestrial Ecosystems” and 14 “Marine Life” [45].

2. Materials and Methods

2.1. Study Area

The study area in Cuba is part of the Northwest Atlantic Province [46] and experi-
ences significant influence from seasonal tropical cyclones, which bring heavy rainfall
that reduces salinity and increases nutrient loads in watersheds draining into mangrove
ecosystems [47]. Cuban mangroves typically form narrow strips, which vary from approx-
imately 0.25 to 0.80 m [47]. The extent and structure of these mangroves are influenced
by geomorphology, characteristics of rivers and tributaries, as well as local climatic con-
ditions [47]. Mangrove development is more extensive in the southern central part of
the island, while the northeastern coast generally shows mangroves of a lower canopy
height. Mangrove coverage is notably limited in eastern Cuba. Our study focused on the
southeastern region of Cuba, defined as a natural and political entity extending along the
eastern part of the island, south of an imaginary line from the centre of Guacanayabo Bay
to the northern edge of Banes Bay [48]. This region is bordered to the north by the Central
Region, to the northeast by the Atlantic Ocean, to the east by the Paso de los Vientos, to
the south by the Caribbean Sea, and to the west by the Gulf of Guacanayabo [48]. The
climate in this region is classified as tropical savannah (type AW according to the Köppen
classification [46,49]), with annual average temperatures ranging from 25.6 ◦C in Las Tunas
to 26.8 ◦C in Guantánamo. Annual rainfall varies from 792 mm in Santiago de Cuba to
1130 mm in Las Tunas. Coastal geomorphological and hydrodynamic characteristics create
diverse environments, some of which are conducive to mangrove development.

For this study, four mangrove localities were chosen in southeastern Cuba based
on specific criteria, including proximity of communities to mangroves and community
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accessibility sites: Monte Cabaniguán/Ojo de Agua (MCOA) in Las Tunas province, Guamá
(GUAM) and San Miguel de Parada (SAM) in Santiago de Cuba province, and Hatibonico
(HAT) in Guantánamo province (Figure 2). A social–ecological survey was designed,
and a structured questionnaire was administered from March to October 2023 in selected
communities within these specific mangrove localities.

Features of the mangrove SES studied are the following:

(1) Ojo de Agua-Monte Cabaniguán (MCOA) (See Table 1)

This mangrove site is a fragment of the Delta del Cauto vegetation [50], under the
administration of the Ojo de Agua-Monte Cabaniguán Wildlife Refuge of the National
System of Protected Areas of Cuba. It is located between the municipalities of Jobabo
and Colombia in the extreme southwest of the province of Las Tunas next to the Gulf of
Guacanayabo (Figure 2A). This sector was selected to represent the Cauto Delta Wetland
ecosystem, which contains the largest extent of mangroves in the study area and the second
largest in Cuba and the Caribbean Archipelago [50]. Located in a coastal deltaic–alluvial
plain, these mangroves, together with the marshes, form an extensive vegetation formation
formed by tidal activity and contributions from the Cauto River delta (Figure 1) [47]. The
area covers 3929.18 ha and represents 57% of the Delta del Cauto Faunal Refuge [51].

This area is predominantly rural [54]. Economic activities include extensive livestock
farming, commercial fishing, and charcoal production made of Dichrostachys cinerea Wight
et Arn, an exotic leguminous terrestrial tree species. Fishing, as well as poaching, are
considered the most impactful activities, including the capture and illegal trade of key
mangrove-associated species: the American crocodile, Crocodylus acutus (Cuvier), the Cuban
iguana, Cyclura nubila Gray, and hutias (Capromys pilorides Say) [51]. Livestock production
also has an impact through uncontrolled animal entry into the reserve. It contributes to
the spread of exotic species like Dichrostachys cinerea and soil compaction. Despite the
measures taken to manage the reserve, these problems continue to exist [51]. Finally, the
supply of freshwater and sediment to the mangroves has been significantly reduced by the
construction of upstream reservoirs.

 

Figure 1. Assemblage along a tidal creek, with Rhizophora mangle and Avicennia germinans in Ojo de
Agua-Monte Cabaniguán Wildlife Refuge (credits to Nico Koedam).
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Figure 2. Map of eastern Cuba (inset: Cuba island) with mangrove localities under survey (Maps
(A)—Wildlife Refuge Monte Cabaniguán/Ojo de Agua, Las Tunas [51]; (B)—Ecological Reserve
Hatibonico, Guantánamo [52]; (C)—Guamá Sector, Santiago de Cuba [20]; and (D)—Wildlife Refuge
San Miguel de Parada, Santiago de Cuba [53]). Sections with green shades show the mangrove areas,
while the red circles indicate the coastal villages that were surveyed.

(2) Guamá Sector (GUAM) (See Table 1)

This sector is located in Guamá municipality to the south of the Sierra Maestra in the
province of Santiago de Cuba (Figure 2C) [55–57]. Mangroves in Guamá municipality are
not under any type of official management system [20]. They are located along the coastline
and are mostly subject to marine influence. However, they can also receive contributions
from local terrestrial runoff. Water input comes from land runoff, the Los Lirios stream,
and the Sevilla River. The mangroves in the sector from Mazo Bay to Seville were selected
because of the concentration of patches, the number and proximity of coastal settlements,
and the variety of activities that occur. There are five coastal communities in the vicinity. All
four mangrove species reported in Cuba are present there [20], with the highest abundance
of Avicennia germinans (L.) Stearn. and Rhizophora mangle L. (Figure 3). The estimated
mangrove area of 162 ha generally occurs as patches [20].

The main activities are agriculture, livestock farming, and forestry. Agricultural im-
pacts include changing land use, such as clearing mangroves to grow crops, which is mainly
performed by farmers. Livestock farming is considered one of the most impactful activities,
mainly due to soil compaction and erosion. It requires clearing mangroves or other coastal
vegetation to plant grasses and fodder. The main activities of the Integrated Forestry
Company include the production, collection, and marketing of a range of agricultural
products. The company also promotes and manages forests and fruit trees. Mangrove
bark production and marketing in local currency and wholesale are also included. Another
activity in this area is aquaculture in the Bay of Mazo, where PESCASAN has its El Mazo
oyster farm, which covers 30% of the bay. It is exclusively dedicated to the cultivation of
oysters (Crassostrea rhizophorae Guilding) for the local market.
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Figure 3. Rhizophora mangle stand in Guamá Sector (credits to Yanet Cruz Portorreal), a patch facing
open sea.

(3) San Miguel de Parada Wildlife Refuge (SAM) (See Table 1)

The San Miguel de Parada Wildlife Reserve is situated in the Bay of Santiago de
Cuba, surrounded by the bay’s industry zone (Figure 2D) [53,58]. Due to environmental
changes caused by industry, settlements, and the city of Santiago de Cuba (approx. 500,000
inhabitants) itself at 2 km across the bay, this area is currently considered disturbed. There
is no industrial activity within the protected area itself, but there are several industrial and
social service infrastructures in the vicinity that have an impact on the functioning of the
ecosystem. However, the dumping and leaking of polluting products in the area, such as oil
and its derivatives and untreated sewage, is one of the main problems associated with the
presence of these facilities. This wetland area covers an area of 55 hectares of contiguous
mangroves [53] (Figure 4).

 

Figure 4. Stands with a low canopy of Avicennia germinans in San Miguel de Parada Wildlife Reserve
about 2 km from Santiago de Cuba town (credits to Yanet Cruz Portorreal).
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(4) Hatibonico Ecological Reserve (HAT) (See Table 1)

The Hatibonico Ecological Reserve lies southwest of Guantánamo Province, between
Niceto Pérez and Caimanera (Figure 2B) [52,59,60]. According to the management plan [52],
the main function of the local mangrove is “coastal protection”, although it is considered
important as a forest reserve. Subsistence fishing is allowed and supervised by the Forest
Ranger Corps and the Alejandro de Humboldt Environmental Services Unit. Crab fishing
of Ucides cordatus (Linnaeus, 1763) is a traditional activity that is still allowed in the area
for local consumption. There are 64 hectares of low-canopy mangrove forest bordering the
mouth of the Hatibonico River (Figure 5).

 

Figure 5. Low-canopy stands with Rhizophora mangle, on the opposite shore Batis maritima, a small
coastal shrub in Hatibonico Ecological Reserve (credits to Hayler María Pérez Trejo).

2.2. Study Design
2.2.1. Design of the Social–Ecological Study

In this study, we employed a qualitative research approach [61] with exploratory
data summary using a structured questionnaire technique [27,32,62–65]. The objective
was to gather the perceptions of coastal communities in the mangrove SES regarding the
following variables: (1) ecosystem services provided by mangroves, (2) use of mangrove
resources, (3) current management practices in place, (4) potential threats posing risks
to these ecosystems, and (5) social–ecological relationships existing within the localities.
Indeed, for Cuba, and particularly for this region, data are scarce, and there is a need to
obtain descriptive data to understand the mangrove social–ecological systems. In a later
phase, hypotheses can be put forward regarding the causes of similarities and differences
within Cuba, between localities and in comparison, to insights elsewhere.

The questionnaire (Table S1) was structured into three parts, as follows:

Part 1: Community use of mangrove resources.

The following uses were considered: (1) the use of marine species (fish, molluscs,
crustaceans) for eating or selling, (2) the use of mangroves bark or wood as dye resource.
A three-point Likert scale was used to determine the frequency of use for the following
population groups: 1 (never used), 2 (sometimes), and 3 (always, frequently).

Part 2: Perception of ecosystem services.

The perception of ecosystem services was assessed by evaluating the importance of
various services to both individual and community life. These included: (i) Supporting
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Services, such as providing shelter for the juvenile stages of many species, supporting the
feeding and production of a diverse range of marine and terrestrial organisms, and offering
habitat for numerous marine and terrestrial fauna; (ii) Provisioning Services, acting as
a source of food for consumption and sale and providing natural medicines for various
diseases; (iii) Regulatory Services, such as protecting coastal areas from storms, cyclones,
and waves; maintaining seawater quality by trapping sediments; and mitigating climate
change effects through carbon sequestration; (iv) Cultural Services, serving as recreational
and educational sites and representing symbols of local culture and heritage.

Participants rated the importance of these services using the following scale: 1 (not
important), 2 (important), and 3 (very important), following the classification proposed by
MEA (Millennial Ecosystem Assessment) [8].

Part 3: Perceptions of mangrove ecosystem threats and management framework.

Awareness of mangrove management activities was assessed using a scale ranging
from 1 to 3: 1 (unaware), 2 (somewhat aware), and 3 (fully aware). This evaluation
focused on several aspects: (i) the existence of a specific management plan or programme
for mangroves; (ii) participation in seminars or training sessions related to mangrove
management; (iii) awareness of the presence of legal instruments governing mangrove
conservation; and (iv) knowledge about the existence of any body, any level, or institution
responsible for monitoring and evaluating mangrove resources.

The perception of mangrove managers was gauged by identifying the institutions
or agencies responsible for mangrove management within their locality. Additionally,
perception of threats to mangroves if existing was elicited through an open-ended question,
allowing respondents to freely list events or factors that are impacting the ecosystem in
their area, according to them. This structured approach aimed to capture a comprehensive
understanding of community awareness, management perceptions, and perceived threats
to mangroves in the study area.

2.2.2. Design of the Governance Study

To identify the type of governance present, interviews were conducted involving
specialists from each of the three protected areas: MCOA, SAM, and HAT. These experts
play active roles in the development and management planning of their respective ar-
eas. An unstructured instrument with open-ended questions was used during interview
sessions. Key topics explored included: (i) the degree of consultation of communities
during the preparation of management plans; (ii) the extent of community involvement in
identifying issues, conflicts, and solutions; (iii) the role of communities solely as recipients
of management plan actions or as actively involved; (iv) features of management, distin-
guishing top-down, bottom-up, or co-management systems, with diverse perspectives
analysed regarding the specific governance system applied in each study area. The focus
group surveys were aimed to gather insights into the governance structures and processes
within each protected area, highlighting perspectives from various stakeholders involved
in mangrove management.

In addition, we used the interviews to examine the following six variables crucial for
understanding mangrove management and decision-making in the study region: (i) Trans-
parency: assessing the accessibility and clarity of information related to decision-making
processes; (ii) Knowledge of the Legal Framework: understanding of the legal provisions
concerning mangrove protection and their implementation; (iii) Accountability: inquiry into
stakeholders’ awareness of their responsibility to demonstrate actions related to mangrove
management and their ability to assess the consequences of these actions; (iv) Citizen
Participation: evaluating the extent to which citizens can engage in mangrove decision-
making processes and influence public policies; (v) Equity: analysis of the distribution of
resources and opportunities related to mangrove management; (vi) Inclusion: examining
the participation of all social groups in mangrove decision-making processes.

To gauge the stakeholders’ level of influence and interest, we utilised an influence-
interest matrix, more specifically the Mendelow Stakeholder Matrix [66]. This matrix helps
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to categorise stakeholders based on their level of influence over mangrove management
decisions and their level of interest in the outcomes. The interviews and the matrix analysis
are intended to provide insights into the dynamics of mangrove governance, stakeholder
engagement, and decision-making processes within the study area.

2.2.3. Integrated Matrix Analysis

Finally, to qualitatively assess the impacts of social–ecological and governance interac-
tions, we constructed a matrix incorporating anthropic activities reported by respondents,
mangrove ecosystem services, technical reports, public information, and reports from
protected area management plans. Each component was evaluated to determine its influ-
ence on the overall state of SES. This qualitative weighting or evaluation process involves
assessing how the development of specific activities, uses, or ecosystem services affect the
SES comprehensively.

High impact: an extensive social–ecological interaction that causes major changes in the
SES, thereby affecting its balanced functioning. These are typically very pervasive
activities or uses defining the prevalent state of the SES.

Medium impact: a strong social–ecological relationship, however, without causing
irreversible changes.

Low impact: a weak social–ecological relationship that does not cause irreversible
changes. These are typically isolated activities, uses, or services that do not affect the
functioning of the mangrove in the SES.

2.3. Sampling

The study baseline was established through a review of the 2021–2025 management
plans for the following protected areas: Monte Cabaniguán/Ojo de Agua Wildlife Refuge
(MCOA), San Miguel de Parada Wildlife Refuge (SAM), and the Hatibonico Ecological
Reserve (HAT). Guamá is a multiple-use area not subject to any official management
regime; information was gathered from public population statistics data [67]. Additionally,
six specialists from SNAP were interviewed to contrast the information obtained from the
above review.

The sample size was determined based on the total population of coastal communities
adjacent to each mangrove site. The number of respondents was calculated to ensure a
representative sample for each location. A 95% confidence level was chosen with a margin
of error of 10% (see Table 1 for details), corresponding to the final number of questionnaires
administered per mangrove site. Individuals within these communities were selectively
approached, ensuring all participants were over 18 years old. Prior to participation, all
individuals were informed of the study’s objectives and were requested to provide their
consent for involvement.

Social–Demographic Profile of Respondents

Participants from all sites were aged between 18 and 80 years, with a median age
of 43 years. The gender balance was nearly equal, with 53.8% male and 46.2% female
respondents overall (Table 2).

Regarding the reported occupational backgrounds, the largest proportion of partic-
ipants was employed in the public sector: 20.5% in MCOA, 41.3% in GUM, 51.4% in
SAM, and 60.9% in HAT. These backgrounds included forest rangers, specialists from
the Flora and Fauna Company, teachers, and tourism sector workers. Approximately
14.1% of respondents were engaged in the private sector, and an equal percentage (14.1%)
were farmers conducting agricultural activities in coastal areas. About 20% identified as
housewives, and 8.4% were retired (Table 2).
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Table 1. Mangrove SES localities: status, extent, mangrove type, resp. communities, population size,
and general appraisal of pollution status.

Mangrove Site
Management
Classification

(SNAP)
Administration

Extension
(ha)

Mangrove
Typology [68]

Population (Number
of Respondents)

MCOA Wildlife Refuge Enterprise for Flora and Faunal
Protection Las Tunas 3929.18 Deltaic 596

(83)

GUAM Multiple use area No management regime 162 Bay
Open coast estuary

1525
(92)

SAM Wildlife Refuge Enterprise for Flora and Faunal
Protection, Santiago de Cuba 55 Bay 267

(72)

HAT Ecological Reserve Ministry of Science Technology
and Environment (CITMA) 64 Open coast 1003

(87)

Number of questionnaires 334

Table 2. Distribution of the demographic profile of participants (in percentage, n = 334).

Indicators
Percentage

MCOA GUAM SAM HAT

Age groups 15.7 20.7 30.6 14.9
18–30
31–40 28.9 19.6 16.7 25.3
41–50 24.1 18.5 16.7 25.3
51–60 16.9 23.9 16.7 20.7
61–70 7.2 10.9 15.3 6.9
71–80 7.2 6.5 4.2 6.9

Total 100 100 100 100

Gender
Male 50.6 53.3 54.2 56.3

Female 49.4 46.7 45.8 43.7
Total 100 100 100 100

Occupation *
Housewife 24.2 20.7 20.8 14.9

State sector 1 - 30.4 44.4 43.7
State sector 2 - 9.8 5.6 13.8
Private Sector 33.7 14.1 16.7 14.9

Farmer 34.9 15.2 - 1.1
Retired 7.2 9.8 12.5 8.2
Student - - - 3.4

Total 100 100 100 100
Note: * State sector 1—nonrelated to conservation, state sector 2—related to conservation.

2.4. Statistical Analysis

The creation of the database and analysis of the frequency tables were conducted
using IBM SPSS Statistics for Windows, version 27.0, developed by IBM Corp. in Armonk,
NY, USA. This facilitated the identification of patterns and highlighted the notable variable
characteristics assessed in the communities for each mangrove site. The participants’
profiles, together with the frequency of use and level of awareness of ecosystem services,
were tabulated and summarised using frequency distributions and percentages [19].

When dealing with survey data on mangrove management and ecosystem services
perceptions, non-parametric tests such as Kruskal–Wallis and Spearman’s rank correlation
are essential tools. These tests do not assume normal distribution of data, making them
robust and reliable for analysing ordinal data and non-normally distributed continuous
data, ensuring that the insights drawn are both accurate and meaningful. A Spearman cor-
relation coefficient analysis was conducted to examine the relationship between occupation
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and frequency of mangrove ecosystem use [19]. Additionally, a Kruskal–Wallis test was
employed to compare the frequency of mangrove uses and the perception of ecosystem
services among the studied localities [32].

3. Results

3.1. Community Awareness of the Use of Mangrove Ecosystem Resources

The Kruskal–Wallis test revealed significant differences in the frequency of resource
consumption as a food source. The results for fish consumption indicated H(3) = 51.9,
p < 0.001. The post-hoc analysis, conducted using the Games–Howell test, demonstrated
that the frequency of fish consumption in GUAM (Mdn = 3) was statistically significantly
higher as compared to MCOA (Mdn = 2, p < 0.001, 95% CI [0.30, 0.83]), SAM (Mdn = 2,
p < 0.001, 95% CI [0.60, 1.16]), and HAT (Mdn = 2, p < 0.001, 95% CI [0.26, 0.88]) (Table 3).

Table 3. Comparison of the frequency of mangrove uses between the study areas with Mdn—mean,
Kruskal–Wallis H—test, p—p value. Site acronyms given in Section 2.1.

Use of Mangrove Resources
MCOA Mdn

(Range)
GUAM Mdn

(Range)
SAM Mdn

(Range)
HAT Mdn

(Range)
H p

Food source (Fish) 2 (2) 3 (2) 2 (2) 2 (2) 51.9 0.001
Food source (Molluscs) 1 (2) 2 (2) 1 (2) 2 (2) 44.0 0.001
Food source (Crustaceans) 1 (2) 2 (2) 1 (2) 2 (2) 44.7 0.001
Traditional medicine 1 (2) 2 (2) 1 (2) 2 (2) 30.2 0.001
Wildlife watching 1 (2) 1 (2) 1 (2) 1 (2) 13.7 0.03
Recreational use 2 (2) 2 (2) 1 (2) 1 (2) 26.1 0.001
Education/Research 1 (2) 1 (2) 1 (2) 1 (2) 9.7 0.021
Spiritual/Religious practices 1 (2) 1 (2) 1 (10) 1 (2) 17.4 0.001

Note: 95% Confidence Interval.

The results of the test for the frequency of mollusc consumption among the localities
showed H(3) = 44.0, p < 0.001. In GUAM, the consumption of this resource is significantly
higher (Mdn = 2) compared to MCOA (Mdn = 1, p < 0.001, 95% CI [0.41, 1.05]) and SAM
(Mdn = 1, p < 0.001, 95% CI [0.44, 1.00]). Differences in crustacean consumption were
also examined, resulting in H(3) = 44.7, p < 0.001. The analysis indicates that in GUAM,
consumption is higher (Mdn = 2) than in MCOA (Mdn = 1, p < 0.001, 95% CI [0.41, 1.04]) and
SAM (Mdn = 2, p < 0.001, 95% CI [0.47, 1.03]), as shown in Table 3. Statistically significant
values were also found for traditional medicine use, with H(3) = 30.2, p < 0.001. The result
was significant for the GUAM locality (Mdn = 2) compared to MCOA (Mdn = 1, p < 0.001,
95% CI [0.19, 0.65]), SAM (Mdn = 1, p < 0.001, 95% CI [0.27, 0.75]), and HAT (Mdn = 1,
p < 0.001, 95% CI [0.02, 0.54]). Moreover, significant differences were identified in the use
of mangroves for recreation and education, with H(3) = 42.2, p < 0.001. This service does
not appear to be important for members of the HAT community (Mdn = 1) compared to
the communities of MCOA (Mdn = 3, p < 0.001, 95% CI [0.36, 0.97]), GUAM (Mdn = 3,
p < 0.001, 95% CI [0.28, 0.85]), and SAM (Mdn = 3, p < 0.001, 95% CI [0.01, 0.61]).

Correlation Analysis of Occupations and Frequency of Mangrove Resource Use
in the Study Localities

The Spearman rank correlation analysis (Rho) between demographic variables and man-
grove uses in the studied localities indicates generally low to very low correlations (Table S3). In
MCOA, age showed significant correlations with fish consumption (rho(81) = 0.310, p = 0.004)
and mollusc consumption, rho(81) = 0.218, p = 0.047. In HAT, a correlation was found between
religious use, rho(85) = 0.238, p = 0.26) as well as with medicinal use (rho(85) = 0.229, p = 0.33). In
SAM, age correlated with wildlife watching, rho(70) = 0.340, p = 0.004, and research/education
use, rho(70) = 0.250, p = 0.35. Additionally, in GUAM, age correlated with medicinal use,
rho(90) = 0.281, p = 0.007. In MCOA, length of residence in the community correlated with fish
consumption, rho(81) = 0.354, p = 0.001, mollusc consumption, rho(81) = 0.704, p = 0.001, and
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crustacean consumption, rho(81) = 0.411, p = 0.001. In HAT, time of residence correlated with
medicinal use, rho(85) = 0.229, p = 0.33, and religious practices, rho(85) = 0.238, p = 0.26.

The rho correlation was also used to identify whether occupation influences the
frequency of mangrove use (Table S3). In MCOA, housewives exhibited significant nega-
tive correlations with fish consumption, rho(81) = 0.356, p = 0.001, mollusc consumption,
rho(81) = 0.319, p = 0.003, and crustacean consumption, rho(81) = 0.279, p = 0.011. This sug-
gests that this occupation relies less on these resources compared to other occupations. In
GUAM, both positive and negative correlations were observed, highlighting the influence
of housewives and farmers on the utilisation of specific resources. Housewives showed a
significant positive correlation with the following uses: fish consumption, rho(90) = 0.265,
p = 0.011), medicinal use, rho(90) = 0.234, p = 0.025, and dye production, rho(90) = 0.248,
p = 0.017. Farmers correlated significantly with fish consumption, rho(90) = 0.225, p = 0.031,
mollusc consumption, rho(90) = 0.262, p = 0.012, and medicinal use, rho(90) = 0.227, p = 0.030.

In SAM, housewives had a significant positive correlation with spiritual use or reli-
gious practices, rho(70) = 0.532, p = 0.001, related to mangroves. The government sector 2
(linked to conservation) correlated with educational practices, rho(70) = 0.345, p = 0.003. In
HAT, housewives exhibited a significant negative correlation with the use of mangroves as
a source of molluscs, rho(85) = 0.236, p = 0.028. Government sector 2 correlated significantly
with the consumption of species for food.

3.2. Community Perception of Mangrove Ecosystem Services

Respondents recognised the presence of red mangrove (Rhizophora mangle, locally
called mangle rojo) and black mangrove (Avicennia germinans, locally called mangle prieto)
in their area, followed by white mangrove (Laguncularia racemosa (L.) C.F. Gaertn, locally
called patabán). The least identified (Figure 6) is the button mangrove (Conocarpus erectus
L., locally called yana). In HAT, between 2.4% and 7.8% of respondents lacked knowledge
of any mangrove species.

 

Figure 6. Distribution of responses (in percentage) regarding the knowledge of popular mangrove
names across four sites: MCOA, GUAM, SMP, and HAT. The categories include red mangrove, black
mangrove, patabán, yana, “I don’t know”, and mangrove.

Local people were inquired about the importance of ecosystem services provided by
mangroves (Table S2, Figure S1). Overall, the perception of ecosystem services was very
high in all mangrove communities. Between 43.7% and 100% of participants confirmed
that mangroves provide an important supporting function for fauna, including juveniles
(nursery function).

Significant differences (p-value < 0.05) were found in perceptions of ecosystem ser-
vices in mangrove localities (Table 4). The result of the Kruskal–Wallis test for juvenile
refuge (nursery) among the localities was H(3) = 66.9, p < 0.001. The communities in
GUAM indicated the highest perception for this service (Mdn = 3) compared to MCOA
(Mdn = 3, p < 0.001, 95% CI [0.001, 0.26]), SAM (Mdn = 3, p < 0.001, 95% CI [0.17, 0.56]), and
HAT (Mdn = 2, p < 0.001, 95% CI [0.48, 0.97]). Conversely, HAT participants provided the
lowest perception compared to the other localities, as shown in Table 4.
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Table 4. Comparison of the perception of mangrove ecosystem services between localities studied.
Mdn—mean, Krusskal-Wallis H—test, p—p value.

Ecosystem Services
MCOA

Mdn (Range)
GUAM

Mdn (Range)
SAM

Mdn (Range)
HAT

Mdn (Range)
H p

1. Nursery 3 (2) 3 (1) 3 (2) 2 (2) 66.9 0.001
2. Wildlife habitat 3 (0) 3 (0) 3 (2) 2 (2) 97.4 0.001

3. Food source 3 (2) 3 (2) 2 (2) 2 (2) 89.2 0.001
4. Coastal protection 3 (2) 3 (2) 1 (2) 1 (2) 78.0 0.03

5. Water quality 3 (2) 3 (2) 3 (2) 1 (2) 45.5 0.001
6. Recreation/Education 3 (2) 1 (2) 2 (2) 2 (2) 42.2 0.001

Note: 95% Confidence Interval.

In addition, MCOA (Mdn = 3) and GUAM (Mdn = 3) communities identified food
sources to be very important as provisioning services. The SAM (Mdn = 2) and HAT
(Mdn = 2) communities reported this less frequently as important. We defined three
different levels of importance for mangrove regulating services. Coastal protection is
considered very important, with between 65.2% and 95.7% of respondents indicating
that mangroves help to protect against the high waves and strong winds associated with
extreme hydrometeorological events. Significant results were found regarding this service,
with H(3) = 78.0. In GUAM, the perception of this service was considered very important
(Mdn = 3) compared to MCOA (Mdn = 3, p < 0.001, 95% CI [0.7, 0.45]), SAM (Mdn = 1,
p < 0.001, 95% CI [0.14, 0.56]), and HAT (Mdn = 1, p < 0.001, 95% CI [0.66, 1.17]). In HAT,
there is less recognition of this service compared to the other localities (Table 4).

Regarding the perception of water quality maintenance, the Kruskal–Wallis test indi-
cated H(3) = 45.5, p < 0.001. In HAT, the perception of this service is significantly lower
(Mdn = 1) compared to MCOA (Mdn = 3, p < 0.001, 95% CI [0.43, 1.00]), GUAM (Mdn = 3,
p < 0.001, 95% CI [0.29, 0.86]), and SAM (Mdn = 3, p < 0.001, 95% CI [0.08, 0.72]).

The role of mangroves in climate change mitigation through carbon sequestration was
perceived to be minimal by the participants, with 45.8% in MCOA, 40.2% in GUAM, 41%
in SAM, and 43.7% in HAT (See Table S2). The Kruskal–Wallis test indicated no significant
differences in the distribution of perception values among localities. This suggests that
perceptions of mangroves were similar across the four studied areas.

3.3. Community Perceptions of Mangrove Management Framework

We asked the participants per site if they were aware of the existence of any manage-
ment activity (Figure 7A). Respondents indicated they were fully aware of the existence
of the protected area and management activities in MCOA (61.4%) and SAM (44.4%). In
GUAM, between 23.9% and 29.3% were, respectively, aware and fully aware that there
was no management plan. However, they referred to the activities of the rangers and the
government to protect the mangrove forest (Figure 7D). In HAT, 50.6% of the villagers were
moderately aware of management activities.

In the study sites, a significant percentage of respondents in MCOA (63.9%) and
SAM (40.3%) indicated that they were very aware of ongoing management training activ-
ities, such as seminars, workshops, and training sessions (Figure 7B). In GUAM, where
mangroves are not designated as a protected area, perceptions of management activities
were linked to the implementation of the COSTASURESTE project, which was concluded
in 2012 and is no longer operational. Conversely, in HAT, local awareness of mangrove
management activities was reported as moderate percentages.

Across all sites, the communities displayed moderate to high levels of awareness
regarding the existence of laws regulating mangrove use, penalties for non-compliance,
and the governmental authorities responsible for enforcement (Figure 7C,D).
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Figure 7. (A)—Awareness of mangrove management in the study sites. Perception of management
plan existence, (B)—awareness of management training activities, (C)—awareness of the existence
of legal tools regarding mangrove management, and (D)—awareness of any body, any level, or
institution responsible for monitoring and evaluating mangrove resources in the various areas.

3.4. Community Perception of Potential Threats to Mangroves

During the survey, villagers identified and ranked 15 natural and anthropogenic
threats affecting their localities (Table 5). Climate change and drought emerged as the
natural threats that raise the most concern across all areas. The villagers of GUAM (16.1%)
and SAM (9.0%) also identified tropical cyclones as significant threats. Salinisation was
also noted as a relevant concern in MCOA (4.2%), GUAM (12.5%), and SAM (4.2%).

Table 5. Threats to the mangrove perceived in the sites studied (ordered alphabetically).

Answers (%)

Mangrove Threats/Localities MCOA GUAM SAM HAT

Agriculture - 5.1 - -
Bark and roots removal - 6.8 - -

Climate change 24.6 18.5 19.6 31.9
Drought 16.3 5.5 20.1 39.3

Exotic species 5.3 4.1 - 4.3
Fires 14.4 - - 24.5

Grazing - 4.5 - -
Industries - - 18.0 -
Logging 24.2 24.7 12.7 -

Pollution/waste dumping 6.4 9.9 11.6 -
Rising sea level - 1.4 0.5 -
River damming 3.0 - 4.2 -

Road construction 4.8 4.8 - -
Salinisation 4.2 12.5 4.2 -

Tropical cyclones - 16.1 9.0 -

Locally, forest fires were seen as a threat by respondents in MCOA (14.4%) and HAT
(24.5%). Among direct anthropogenic threats, logging was prominently mentioned in
MCOA (24.2%), GUAM (24.7%), and SAM (12.7%). Industries were specifically noted in
SAM (18.0%) as contributing to environmental risks.

Road construction was reported as impacting mangroves in MCOA (4.8%) and GUAM
(4.8%). Damming of rivers was cited in MCOA (3.0%) and SAM (4.2%). Agricultural
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expansion was mentioned in GUAM (5.1%) as a replacement of mangrove areas with crops,
while 4.5% reported this conversion was into pastures.

Local communities also expressed their concern regarding the extraction of mangrove
bark and roots for various purposes. Moreover, the presence and spread of exotic species
were identified as hazards in MCOA (5.3%), GUAM (4.1%), and HAT (4.3%) but were not
considered hazards in SAM.

We also queried local residents regarding their perceptions of changes and the current
state of mangroves near their communities (Figure 8). To conduct this part of the study,
we surveyed local communities to assess their awareness and perception of the impact
of mangrove degradation on their communities (Figure 8A). In MCOA, 54.2% of respon-
dents acknowledged the severe impact of mangrove degradation, while in GUAM, this
figure was notably higher at 77.1%. Conversely, in SAM, 34.7% of respondents perceived
mangrove degradation as having minimal or moderate negative consequences. In HAT,
most respondents (67.8%) believed that mangrove degradation would either be harmless
or would only have a moderate negative impact on their communities.

A B 

 
C 

 

D 

 

Figure 8. Perception of the studied communities regarding degradation, condition, changes in the
mangroves, and importance for their livelihood. (A)—Perception of mangrove degradation impact on
the community, (B)—perception of mangroves changes as a landscape, (C)—perception of mangrove
condition, (D)—perception of the importance of the mangrove for the livelihood of the local people.

Within the same inquiry, the participants of MCOA (68.7%) indicated that they per-
ceived no significant changes in the mangrove landscape, while 51.8% felt that mangroves
were in good condition (Figure 8C). Additionally, 65.1% of the MCOA respondents empha-
sised that mangroves are really important to their livelihoods (Figure 8D). In GUAM, a
notable 84.8% of the participating community felt that there were changes in local man-
groves; however, 66.3% of them are convinced that these ecosystems are in good condition
(Figure 8B). About 53.3% of this community acknowledges that their livelihoods moderately
depend on these mangroves, primarily as a food source (Figure 8D). In SAM, 55.6% of par-
ticipants observed an increase in mangrove areas within the wetland area, and an equal part
of the community considered that their mangroves were in good shape. Surprisingly, 62.5%
of them stated that they do not depend on mangroves for their livelihoods (Figure 8D). In
HAT, 58.6% of respondents reported no noticeable changes in mangroves (Figure 8B), and
40.2% of them assessed the mangroves as being in a healthy state (Figure 8C). Similar to
the SAM community, the majority (64.4%) of HAT participants expressed that mangroves
are not crucial for their livelihoods (Figure 8D).
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3.5. Results of the Governance Analysis

Based on insights gathered from both interviews and management plans, distinct
approaches to mangrove management and community involvement were observed across
the different sites.

In MCOA, mangrove management plans are formulated exclusively by area specialists
without direct community participation or voting rights. The community’s role is limited
to providing information during stakeholder workshops, where only one community
representative is invited.

In SAM, workshops serve as platforms to reconcile diverse interests, gathering inputs
from various experts within the protected area. However, community participation here is
also restricted to providing information rather than influencing decision-making directly.

HAT employs a more inclusive approach where workshops precede plan development or
updates. These sessions involve community participation in defining tasks and reporting on
previous plans. Decision-makers and community representatives are integral to these workshops,
held locally with support from government entities such as the Ministry of the Revolution-
ary Armed Forces (MINFAR) and civil defence. Economic challenges sometimes hinder plan
implementation, especially for continuity plans, which often rely solely on data updates.

In GUAM, there is no programme or framework for mangrove management, but
activities for preservation fall under the responsibility of the Integral Forestal Guamá
Enterprise and the State Forestry Service of the Ministry of Agriculture (MINAG), with
involvement from the municipal government and the Ministry of Science Technology and
Environment (CITMA) in decision-making. However, there is a recognised need that other
local institutions and community members should be involved in the future.

The analysis of stakeholder relationships identified that key public entities such
as the Cuban State, CITMA, MINAG, provincial governments, and municipal councils
have significant influence and interest in mangrove management (Figure S2). In contrast,
entities such as the National Hydraulic Institute (INRH) and the Ministry of Food Industry
(MINAL) currently exhibit lower influence and interest, resulting in minimal involvement
in the management framework.

Local communities and the Ministry of Tourism (MINTUR) are identified as stake-
holders who have high levels of interest but low influence in shaping outcomes within
the mangrove social–ecological system. This suggests that they are highly affected by
the results of actions taken that impact mangroves, yet their ability to influence these
outcomes through management decisions is rather limited. Conversely, stakeholders such
as MINFAR and the Ministry of the Interior (MININT) possess high influence but exhibit
low interest in mangrove-related activities.

3.6. Description of the Observed Social–Ecological Relationships

Our analysis emphasises how human activities (social, economic, and cultural) affect
the mangrove ecosystem in each locality analysed. The matrix (Figure 9) synthesises
the social–ecological relationships observed, revealing three distinct interaction types:
urban/industrial, rural/agricultural, and rural/agricultural/tourist.

In MCOA, significant interaction occurs with the agricultural sector and expanding
livestock farming. Probably due to the size of the local mangroves, these activities have
minimal impact on the ecosystem. The mangroves primarily provide supporting services,
crucial for justifying conservation efforts, with provisioning services playing a secondary
role, according to the participants.

GUAM exhibits a high level of interaction between tourism and agriculture activities.
Agricultural expansion poses the greatest threat to mangrove areas through land use
changes. Tourism, while not directly impacting the mangrove ecosystem, focuses on
exploiting the scenic and cultural values of the local forest, thereby fostering strong social
relations based on goods supply and cultural services.

SAM is characterised by intense urban–industrial interaction, situated within the
industrial zone of Santiago de Cuba’s bay. Here, mangroves face significant challenges
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from pollution and land use changes driven by industrial growth, compromising ecosystem
services. Supporting services, particularly the mangrove’s role in sheltering migratory
birds, dominate despite these pressures.

HAT experiences minimal interaction. The interaction that is happening is primarily
centred on agricultural activities and non-productive forestry endeavours. Social inter-
actions thrive without adverse effects on mangroves. This area exhibits low ecological
impact, with supporting services being most pronounced and provisioning services playing
a moderate role.
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Figure 9. Evaluation matrix of social–ecological interactions in the study sites.

4. Discussion

Our study underscores that knowledge of and exploitation of mangroves are deeply
intertwined in the daily lives and cultural practices of southeastern Cuban communi-
ties, consistent with studies from elsewhere [7,18,32]. The increased awareness by local
communities of ecosystem services and threats such as climate change likely stems from
environmental education initiatives integrated into Cuba’s Environmental Strategy imple-
mentation [69].

Cuba, situated in the West Atlantic–East Pacific mangrove region, naturally exhibits
a relatively low mangrove species richness as compared to the Indo-West Pacific and
the global number of approximately 70 species. Mangroves in Cuba comprise primarily
Rhizophora mangle (red mangrove), Avicennia germinans (black mangrove), and further La-
guncularia racemosa (white mangrove), and Conocarpus erectus (button mangrove). These
species, particularly red and black mangroves, also dominate the mangrove forests across
the study sites in southeastern Cuba [20,58], whereby coastal communities mostly recog-
nised red mangroves, in particular [20,58]. Yet, in terms of areal extent, Cuba ranks 10th
worldwide [40] and its mangrove SESs are important.

The identification of mangrove species appears, on the one hand, to be influenced
by the distribution and composition of the local ecosystem. Due to the environmental
conditions of the study area, the presence of C. erectus is minimal compared to the other
species. On the other hand, the duration of time a participant has resided in the locality also
appears to affect their ability to identify the species. Further research should be conducted
in this regard.
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In this study, we provide descriptive data for the mangrove social–ecological sys-
tems of southeastern Cuba in support of a better understanding of issues related to good
management and conservation.

4.1. Use of Mangrove Resources by Communities

Fishing and the exploitation of forest products, whether for commercial or subsistence
purposes, have historically been primary livelihoods for coastal communities near man-
groves [4,6,65]. However, our study indicates a shift in southeastern Cuba where local
livelihoods are increasingly diversifying towards inland (terrestrial) activities [55,56] in
industrial employment [67] and job opportunities in emerging agricultural and livestock
sectors [59,68]. Despite these changes, the use of mangrove resources for food purposes
remains prominent, alongside medicinal and recreational uses such as bathing areas. No-
tably, while mangrove wood is valued elsewhere for fuel and construction [4,64], in this
study, participants perceived its use as illegal, which reflects Cuba’s stringent regulations
against mangrove logging [70]. Studies on mangroves in Mexico, Brazil, Bangladesh, and
Madagascar highlight uses such as recreation, tourism, and cultural preservation tied to
mangroves [7,71–73]. In southeastern Cuba, local communities also utilise red mangroves
for traditional medicine, including treatments for kidney infections and skin diseases.
Despite the high scenic value of mangroves, which presents opportunities for nature and
ecotourism, such as wildlife observation within protected areas, their use is not widespread
in this region. Sustainable practices for these activities remain underdeveloped.

Comparing local occupations with mangrove resource use revealed interesting pat-
terns showing how residents’ jobs affect both the frequency and type of mangrove resource
utilisation (Supplementary Table S3). The governmental sector is mostly associated with its
conservation and research/educational efforts towards the mangrove ecosystem. In SAM,
housewives use the mangroves mainly for medicine and religious practices. More research
needs to be conducted to understand the significance of this small percentage of religiosity,
probably of African origin.

When combining occupation with perceptions of mangrove ecosystem services the
respondents’ occupation and residency play an important role (Table 5). The social context
on the valuation of ecosystem services, management, and conservation activities should
take these differences into account.

To better understand the causality behind these observed differences in perception,
further research is needed. However, it is crucial to consider these differences when
designing conservation and management policies for mangroves, ensuring all community
sectors are involved.

4.2. Perception of Ecosystem Services in Communities

Communities near mangroves in southeastern Cuba demonstrate a robust understand-
ing of the ecosystem goods and services provided by mangroves, similar to knowledge
found globally, such as in Mauritius [6]. The communities widely recognise their habitat
support for fauna, especially juveniles, and the provisioning services such as food and
medicine [7,22,74]. In GUAM and MCOA, mangroves play a crucial role in supporting
local fisheries, underscoring their significant economic importance [51]. This dependency
is more closely related to community livelihood strategies than to demographic factors,
unlike other studies [7,74,75]. In GUAM, the proximity of communities to mangroves
may contribute to the frequent use of mangrove resources, a pattern also observed in
Tanzania [31]. Perception of the regulatory function of climate mitigation services depends
on the population’s awareness of the protective role of mangroves against extreme hydro-
meteorological events. This awareness extends beyond the experience of the respondents
with national environmental policies [24], which emphasise this ecosystem service [4,32].

While there is a general awareness of mangroves’ regulatory role in climate mitigation,
understanding of their carbon sequestration capacity remains limited, possibly due to
the abstract nature of this service in local contexts [76,77]. This highlights the need for
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improved environmental education and capacity building to enhance local knowledge and
leverage it for future blue carbon initiatives, especially in light of Cuba’s position in the
world rankings of mangrove areas.

In brief, this study’s findings reveal that respondents’ occupations in mangrove areas
affect their views on the ecosystem services provided by these environments. In several local-
ities, such as GUAM, SAM, and HAT, there were noticeable links between government roles,
conservation efforts, and the perception of specific services. Conversely, in MCOA, house-
wives showed a lower appreciation for services like nursery function, erosion protection, and
CO2 assimilation and carbon retention, while retirees in HAT had a reduced perception of
nursery services, erosion protection, consumption and sale, and salinity protection. These
variations highlight how different occupational groups perceive the utility and benefits of
mangroves differently (Table 5). Overall, these findings underscore the strong impact of
occupation on the management and conservation practices related to mangroves.

Additionally, this study reveals that respondents in the four areas studied are unaware
of the role of mangroves in carbon sequestration (Table S4). This lack of awareness limits
local communities’ abilities to value and support this ecosystem’s conservation. Mangroves
are effective carbon sinks, with a carbon sequestration capacity that surpasses that of
tropical forests. Yet this benefit is not widely recognised among local stakeholders and
cannot be used as an argument for conservation yet, let alone the establishment of carbon
credit programmes. There is an urgent need to enhance awareness and environmental
education programmes about the critical role of mangroves in carbon sequestration and
climate change adaptation. It is recommended that mangrove management initiatives
include these efforts aimed at highlighting the multiple benefits of mangroves. Some
examples are integrating relevant information into school curricula, conducting public
communication campaigns, and developing materials for key stakeholders such as farmers,
fishers, and policymakers. Enhancing this awareness has the potential to foster greater
support for mangrove conservation and restoration, thereby maximizing both the benefits
for local communities and the environment.

4.2.1. Perception of Mangrove Ecosystem Threats and Management Framework

Coastal residents are usually well aware of ongoing mangrove conservation efforts and
the regulatory frameworks governing their use in Cuba. However, clarity on responsible
management entities remains a concern despite established legal structures [24]. Apparently
involving local governments is essential for successful management programmes [32,
48]. Management plans often prioritise charismatic faunal species over entire mangrove
ecosystems, reflecting funding biases. In GUAM, initiatives like the COSTASURESTE
project [78] have bolstered local environmental awareness, albeit without specific protected
area designations or integrated coastal zone management (ICZM) programmes. Though
concluded in 2012, the awareness lingers on.

Governance types around the world could be divided roughly into bottom-up, top-
down, and co-management [79], amongst others. In Cuba, the top-down management
system is still prevailing [39,80]. Moving forward, embracing bottom-up or co-management
models could enhance local participation and governance efficacy, aligning with interna-
tional best practices and ensuring sustainable mangrove management [79]. Such gover-
nance also allows two-directional information flows, a sense of property and belonging
and acceptance of constraining measures.

4.2.2. Potential Threats to Mangroves

Mangroves face varied threats, categorised as natural (e.g., drought, cyclones) and
anthropogenic (e.g., logging, agricultural expansion, pollution) hazards, each posing dif-
ferent levels of risk [16,81]. Natural forces have caused significant mangrove loss [23].
Climate change has natural and anthropogenic roots, but locals identified it as a natural
threat. Climate change and drought are perceived as the most significant natural threats
in southeastern Cuba, exacerbated by local climatic conditions and regional forecasts [82].
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Cyclones are a major threat, causing area loss and damage, though mangroves can re-
cover [23,83]. Salinisation and forest fires are other concerns expressed, while sea level rise
is less perceived due to the elevated eastern coast.

Anthropogenic threats such as logging and agricultural expansion are significant
concerns, driven by economic activities that alter land use and hydrology, impacting
mangrove ecosystems [16,84–86]. Effective governance and community involvement are
crucial for mitigating these threats, aligning policies with local realities and sustainable
practices [16,79,80].

4.2.3. New Perspective for Governance and Management of Mangroves in Eastern of Cuba

While Cuba has established institutional mechanisms for environmental governance,
their effectiveness in incorporating community voices and ensuring equitable, accountable
management of mangroves remains a challenge. Enhancing stakeholder engagement and
fostering inclusive governance models could bridge existing gaps, facilitating more sus-
tainable mangrove conservation practices and increasing awareness [38,39]. The proposed
model (Figure 10) outlines actionable steps for integrating local knowledge and fostering
collaborative management approaches, building on Cuba’s existing legal frameworks [24].
The existing legal framework in Cuba supports the development of a scheme (Figure 10)
for identifying key stakeholders and their responsibilities towards potential conservation
efforts. This provides a solid foundation for improving mangrove governance even though
the prevailing approach predominantly follows a top-down model.

 

Figure 10. The management system proposed for mangrove governance in Cuba, particularly in
southeastern Cuba. Photos credit Nico Koedam ((top left), R. mangle in MCOA) and Yanet Cruz
Portorreal ((bottom right), meeting with residents of GUAM).

4.2.4. Analysis of the Observed Social–Ecological Relationships

We conducted a preliminary qualitative and descriptive analysis by integrating the
survey results with a structured documentary review. For future research, we recom-
mend incorporating indicators and measurable variables to better analyse these social–
environmental interactions. Our study suggests that management programmes for pro-
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tected areas should align with integrated coastal zone management principles. This align-
ment will facilitate the development of social–ecological system approaches and increase
governance efficacy.

We found gaps in local knowledge on the role of mangrove ecosystems in carbon
sequestration. There is a need for training and identifying opportunities for implementing
local development projects. Emphasising capacity building could address market issues for
ecosystem services, including carbon sequestration, and raise awareness of this intangible
service. Understanding the complex international carbon market assessments and realising
the ecosystem’s potential for this service in Cuba is crucial.

Our study concludes that communities have different social–environmental relation-
ships based on the rural, urban, and coastal characteristics of these settlements. There are
also different manifestations of anthropic activities depending on the dominant sector of
economic development and its impact on mangrove functioning. There is unexploited
potential for understanding and engagement in mangrove SESs of southeastern Cuba if
considering the level of public knowledge and awareness. There is a need when summing
the contributions of mangrove goods and services to the local economy or subsistence
livelihoods, even though these are not similar in each community.

5. Conclusions

This study explored the knowledge, usage patterns, interdependencies, and social-
cultural aspects related to social–ecological dynamics between four southeastern Cuban
communities and coastal mangrove ecosystems. The four communities and mangroves
have different settings and legal frameworks. The expected diversity in human–mangrove
relations has been confirmed, with several recurrent features. Understanding these relation-
ships offers valuable insights for decision-makers to promote conservation and highlights
gaps in existing management programmes, including the need for community-specific
training programmes for local public and private stakeholders.

Our findings emphasise the necessity of a comprehensive approach to mangrove man-
agement and conservation, with implications that extend beyond Cuba. Policymakers should
recognise NbS as an opportunity for inclusive solutions and forge partnerships for effective
mangrove management in southeastern Cuba, even where they have not been called NbS yet
in the region. Bridging the gap between NbS and formal governance, addressing diverse opin-
ions, and providing continuous support for community participation is essential. Developing
NbS capacities based on regional contexts is crucial for effective management.

The variations in mangrove use frequency and occupational roles highlight the impor-
tance of considering the interests of different stakeholder groups in management activities.
This also indicates that certain groups may be more susceptible to understanding and
remediating mangrove degradation. This should be considered in mangrove restoration
practices currently proliferating in the country.

The positive links between the government sector and conservation along with certain
educational and research uses underscore the key role of the government in fostering sus-
tainable use. Perceptions of ecosystem services differ by occupation and locality, illustrating
the importance of the social and geographical context in the valuation of mangroves.

Overall, the analysis reveals key opportunities and challenges for effective governance
by clarifying the complex relationships between human communities and mangrove ecosys-
tems. This research provided valuable scientific information on community perceptions of
use, management, and threats to the mangrove ecosystem valid for effective governance of
this socio-ecosystem. Upon implementation, decision-makers could promote community
participation, identify threats, and develop effective policies that enhance the value placed
on these resources. They could better valorise the awareness and knowledge baselines in
the communities to the benefit of local economies, livelihoods, and securing coastal safety
under environmental threats.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16172495/s1, Table S1: Questionnaire; Table S2: Percentage
distribution of respondents at each level of importance of mangrove ecosystem services, Table S3:
Correlations between the occupation and frequency of resource utilization; Table S4. Correlations
between the occupation and awareness of ecosystem services. Figure S1: Frequency of mangrove
resource use in the sites studied, Figure S2: Level of specific stakeholders in the management system
for the mangrove governance in Cuba (Mendelow’s Stakeholder Matrix).
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Abstract: The establishment of marine protected areas (MPAs) is an important method to ensure
marine protection. To protect and conserve global marine biodiversity, with the adoption of the
“Kunming-Montreal Global Biodiversity Framework” during the 15th meeting of the Conference of
the Parties of Convention on Biodiversity (CBD) in December 2022, the establishment of an effectively
managed MPA network by 2030 and the protection of 30% of the world’s oceans will be common
goals for all countries party to the CBD over the next decade. Based on the distribution of over
150 types of marine species, habitats, ecosystems, and abiotic elements, ArcGIS10.5 and Zonation are
used in this study to calculate the marine protection priority levels of coastal, nearshore, open ocean,
and deep ocean trench areas, and a plan to reach the “30 by 30” targets is proposed. The suggestions
for scientifically identifying and managing MPAs are as follows: first, improve MPA planning and
establish a well-connected MPA network in national jurisdictions, then conduct scientific marine
investigations to obtain background data on MPA establishment and delimitation.

Keywords: marine protected areas; marine ecosystems; marine biodiversity; global marine
governance; 30 by 30 target

1. Introduction

The ocean is the foundation of all life, providing us with space for transportation,
trade, and recreation [1]; cultural heritage [2]; and resources, including food [3], drugs [4],
and minerals [5]. Meanwhile, the ocean is also the largest carbon reservoir in the Earth
system [6], with approximately a quarter of anthropogenic carbon dioxide emissions
being absorbed by oceans over the last two decades [7]. With the rapid increases in the
human population and material demands, the scope of human utilization of the ocean
has expanded from coastal regions [8] to the high seas [9] and international seabeds [10].
Over-exploitation and harvesting, land-based pollution, and marine invasion have created
great losses of marine life [8]. Moreover, oceangoing activities such as biological resource
surveys and deep-sea mineral exploration and exploitation pose a serious threat to areas
beyond national jurisdictions. Establishing marine protected areas (MPAs) is an effective
way to systematically address marine environmental problems and resolve the crisis of
biodiversity destruction [11,12]. Considering the synergistic effects of marine connectivity,
fluidity and population growth, climate change, and other stressors, there is a need to
identify and establish MPAs on a global scale. In December 2022, the second phase of the
15th Conference of the Parties (COP) on the Convention on Biological Diversity (CBD)
adopted the “Kunming-Montreal Global Biodiversity Framework”, which sets a highly
ambitious global marine conservation target for the next decade, aiming to “reverse and
halt global biodiversity loss and enhance biodiversity and ecosystem functions and services,
ecological integrity and connectivity through area-based conservation measures to protect
at least 30 percent of global coastal and marine areas by 2030” [13], referred to as the
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so-called “30 by 30” target. There is a global consensus to designate marine protected areas
and protect marine biodiversity in the coming decade.

Since the 10th COP of the CBD in 2010, which set the target of protecting 10% of the
world’s oceans and seas by 2020, the pace of MPA expansion and new designations has
accelerated [14]. However, the science behind new MPA designations and effectiveness
needs to be strengthened [15]. By August 2023, a total of 29.59 million square kilometers
of MPAs of all types and levels had been established globally, accounting for 8.17% of
the global marine area, of which 18.7% was protected in marine areas under national
jurisdiction and 1.44% in marine areas beyond national jurisdiction, falling short of the 10%
protection target [16,17]. There is also a general lack of scientifically informed and effective
management plans and feasible management measures for MPAs, insufficient attention
to ecosystem representation and connectivity, and low effectiveness of actual protection
efforts [15]. Biodiversity loss has not been effectively mitigated, and the security of critical
habitats is still threatened [18,19]. According to the International Union for Conservation
of Nature (IUCN), 5510 threatened species (21% of all threatened species) are covered by
biodiversity-critical areas globally, of which 13% are entirely within protected areas, while
another 31% are only partially covered by marine protected areas [15]. The appropriateness
and effectiveness of selecting MPAs already in place must be further explored.

In accordance with current international law, all MPAs established under the United
Nations Convention on the Law of the Sea (UNCLOS), except for MPAs in the Antarc-
tic Ocean, are within areas of national jurisdiction and are designated and managed by
countries in accordance with domestic laws, with insufficient attention given to the high
seas and international seabed areas. To promote marine protection in areas beyond na-
tional jurisdictions, since 2018, the United Nations (UN) has initiated negotiations on an
intergovernmental legally binding instrument for the conservation and sustainable use of
marine biodiversity in areas beyond national jurisdictions, better known by its acronym
BBNJ [20]. In June 2023, the BBNJ agreement was adopted, which forms a legal basis for the
establishment of area-based management tools, including MPAs beyond national jurisdic-
tions [21]. At the scientific and technical level, many UN and non-governmental initiatives
have proposed maps for globally important marine areas using different criteria [22]. Seven
criteria, including “uniqueness or rarity, special importance of the life history stage of
the species, importance for threatened, endangered or declining species and/or habitats,
vulnerability, fragility, susceptibility or slow recovery, biological productivity, biodiversity,
naturalness”, have been used in the CBD framework to describe ecologically or biologically
significant marine areas (EBSAs) in more than 75% of the world’s regions. These areas
described by CBD have been directly used by the European Union, Japan, and small island
countries to establish MPAs. However, the description of EBSAs has scientific gaps, such as
a lack of data regarding the deepest parts of the ocean, and many EBSA descriptions were
provided more than 10 years ago with no consideration for new data available. Moreover,
the coverage of EBSAs is not yet universal, with no EBSAs described in the Southwest
Atlantic [23]. If this description is used as the scientific basis for achieving the “30 by 30”
initiative on the high seas and international seabed, it will be difficult to effectively protect
the global marine ecosystem. Greenpeace [24] and the Pew Charitable Trusts [25] have also
made recommendations for identifying 30% of the world’s marine conservation priority
areas based on global species and habitat distribution data using spatial planning software.

Scientists have used various methods to prioritize marine conservation, including
the use of leading and lagging indicators to define scoring criteria for marine ecosystem
services [26], weighted overlay analysis of different habitat types [27], presence–absence
or density surface models [28], systematic conservation planning [29], and calculating
priority through an environmental sensitivity mapping approach for mapping environmen-
tally sensitive assets [30]. Remote sensing imagery combined with habitat mapping and
modeling [31] and rarity-weighted richness maps [32] have also been used for marine con-
servation priority identification. Moreover, systematic conservation planning approaches
and optimization algorithms, including Marxan [33], Prioritizr [34], and Zonation [35,36],
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are commonly used to identify high-priority sites for biodiversity conservation. The re-
search object includes single species such as sea turtles [37], coral reefs [38], seabirds [39],
salmon [40], and sea mammals [41]; specific sea areas [42–45]; or Earth as a whole [33,46,47].

Some studies have analyzed the proposed priorities for marine biodiversity protection
based on existing important marine areas for conservation [22,33,47] or the distribution
of marine species [34,35,48]. In these studies, the dimensions of data and the methods
used differ. Fan et al. used mitochondrial DNA barcode sequences and constructed a
phylogenetic tree as the basis for a priority proposal. Belote et al. used 1697 marine species
and subspecies in the continental US to compare the performance of the two methods.
Gownaris et al. quantified the consensus of existing initiatives on MPAs and proposed
gaps in globally important marine protection areas. Visalli et al. focused on maritime areas
beyond national jurisdictions and used the species richness of fishes, marine mammals,
marine invertebrates, seagrass, and benthic habitats for calculation. Compared to previous
studies, this study focused on the conservation of rare and endangered marine species,
including seabirds, considering the different habitats in the nearshore and deep ocean,
as well as the five main catches that affect the livelihoods of fisherfolk on a global scale
for priority calculation. The differences in the data and the methods used provide an
opportunity to compare the outputs and take an integrated approach to choose priority
areas for conservation to realize the target.

As policymakers seek to meet the “30 by 30” target in the global ocean, based on
existing studies [22,34,35], this study focuses on typical nearshore, offshore, and deep-sea
habitats, as well as the conservation of global rare, endangered, and commercially important
marine species. This is achieved by considering abiotic factors, including temperature and
salinity, and providing a marine conservation priority map of the global ocean. We also
examine the overlap between EBSAs and existing MPAs with our result and conduct several
discussions to provide suggestions on the establishment and management of protected
area plans to achieve the considered target. Finally, we establish MPAs in areas beyond
national jurisdictions under the BBNJ agreement.

2. Materials and Methods

2.1. Data Description and Sources

This study identifies global priority marine areas for protection at three levels: the
marine species level, the habitat level, and the ecosystem level. A total of 162 layers of
important habitats, rare and endangered species, and ecosystem distribution characteristics
were selected as the basis for selecting priority marine areas for protection. All data used,
including ocean features and biogeographic province distribution data, were obtained from
publicly accessible sources on the Internet.

2.1.1. Surveyed Nearshore, Offshore, and Deep-Sea Habitats

Nearshore coral reefs, mangroves, salt marshes, kelp beds, and seagrass meadows,
together with deep-sea seamounts, cold seeps, and hydrothermal vent ecosystems, are typi-
cal habitats that require priority attention and protection. Coral reefs are the most diverse
marine ecosystem worldwide and are crucial for human survival and development [49].
Mangroves can secure the coastline from erosion, provide habitats for seabirds, fish, and
invertebrates, and mitigate climate change [50]. Salt marshes are one of the most productive
ecosystems, providing food sources and habitats for marine organisms in estuaries and
coastal areas [51]. Kelp beds have high productivity and can help improve water quality,
maintain biodiversity, sequester carbon, and prevent coastal erosion. Moreover, kelp beds
can contribute to recreation and cultural services [52]. Seagrass meadows may help in miti-
gating ocean acidification due to their ability to raise pH and decrease DIC and pCO2 [53].
They also serve as an important blue carbon habitat [54] and various ecosystem goods
and services, including biodiversity maintenance, filtering, and sediment enrichment [55].
Cold seeps appear in seafloor cracks caused by tectonic activities, and the surrounding
area forms a unique habitat and provides a haven for a variety of unique organisms [56].
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Seamounts are also rich in deep-sea species, among which plankton, nekton, and benthos
are quite different from those of the surrounding in terms of biomass, abundance, diversity,
and so on [57]. Hydrothermal vents are underwater heat leaks formed in active volcanoes
and seamounts, most of which are distributed in the continental plate boundary area.
Hundreds of species live in and around hydrothermal vent ecosystems, many unique to
the vent area [58].

Water depth is also an important factor that affects species distribution over seamounts.
Research has shown that the composition of nekton and benthos distributed over seamounts
varies with water depth [59], and different species live at different water depths. This
study establishes layers based on the division of a range of ocean depths and divides them
into four categories from the surface to the seafloor and even the abyss (the categories
include shallower than 200 m, from 200 m to 800 m, from 800 m to 2000 m, and deeper than
2000 m) to distinguish different types of seamounts [60,61]. A seamount that is shallower
than 200 m represents an area with a protrusion from the summit to the photic zone and
hosts a particular community in the shallow depths. A seamount with a depth from 800
m to 2000 m represents an area with the distribution of vertically migrating animals (the
scattering layer). A seamount with a depth deeper than 800 m forms the biogeographic area
of the deep-sea bottom [60], characterized by the settlement of invertebrates and habitat
for bathyal fishes, where the depth from 800 to 2000 m refers to the upper portions of the
lower bathyal, with summits of seamounts at fishable depths; depths deeper than 2000 m
refer to the lower portions of the lower bathyal [61]. Considering that hydrothermal vent
ecosystems are distributed in seamount areas, only cold seeps and seamount data layers
were used for deep sea areas in order to avoid duplicate calculations.

2.1.2. Endangered, Rare, and Commercially Valuable Marine Species

The establishment of MPAs considers not only environmental protection and conser-
vation but also social and economic elements, including ensuring fisheries and fishing
livelihoods, food security, and cultural values [62]. Focusing on the sustainable use of
fishery resources, this study considers endangered species, rare marine species, commercial
fish of significant economic value, and a high pelagic fishing volume when determining the
selection parameters of priority marine areas for protection. To find a balance between the
protection and utilization of living marine resources and ensure the livelihoods of fisherfolk,
not only are rare and endangered species considered, but also important economic fish
species with high pelagic fishing volume.

Based on “The State of World Fisheries And Aquaculture 2022”, Anchoveta, Alaska
poll, Skipjack Tuna, Atlantic herring, Yellowfin Tuna, and Jumbo flying squid with a
high global catch were selected as representative species [63]. We are also aware that the
construction and management of an MPA may have a certain impact on the livelihoods of
fisherfolk, and we have proposed targeted recommendations in Section 4.1 [64].

A total of 114 species of rare and endangered marine organisms listed in the “IUCN
Red List of Threatened Species” were included in the model [33], including 44 species of
fish, 25 species of reptiles, and 45 species of marine mammals [65]. Furthermore, as the
distribution of seabirds may vary with breeding sites, age, time of day, and the seasons,
and as some seabirds are opportunistic feeders that disperse widely, it is hard to define
specific areas or habitats for marine protection [39]. We used the Important Bird and
Biodiversity Areas (IBAs) established by BirdLife International [66] to represent the spatial
distribution of seabirds that require consideration. IBAs in the ocean are described by
BirdLife International based on satellite tracking data, marine surveys, and the research
literature. There are currently 2621 seabird areas, 38% of which include a significant marine
component, and others are coastal areas such as seabird breeding colonies [67]. In addition,
this study considers global ship activity using Automatic Identification System (AIS) data
of global vessels for the whole year of 2023 to delineate hotspots that are highly influenced
by human activity.

113



Water 2024, 16, 2293

2.1.3. Abiotic Elements

In addition to the above data layers, the current scope and technical limitations of deep-
sea surveys were considered, given that the species distribution in existing survey data
cannot fully reflect the actual situation of the deep sea. To better reflect the impact of the
spatial distribution of abiotic factors in the ocean, such as cold water masses, hypoxic areas,
temperature, salinity, dissolved oxygen, and ocean currents, this study drew inspiration
from the classification of global marine habitats reported by Sutton et al., which incorporates
ecosystem classification layers into the model [68], thus representing different types of
marine ecosystems worldwide. This could meet the predetermined protection goals of
various types of habitats and compensate for the lack of deep-sea surveys in the current
survey and the absence of deep-sea species on the IUCN Red List. Global marine ecosystems
were divided into 33 categories, including 20 types of coastal and nearshore ecosystems
and 13 types of far-reaching marine ecosystems [68].

2.2. Methodology
2.2.1. Research Area and Data Pre-Processing

Referring to the scope of the “30 by 30” target, the research scope of this study covers
all parts of the ocean from the surface to the floor, including territorial waters, exclusive
economic zones (EEZs), the outer continental shelf, high seas, and international seabed
areas. To facilitate layer comparison and subsequent calculations, all data were processed
into grid layers of the same extent and grid size, with 4377 × 1996 grid units (grid size
0.083◦ × 0.083◦) and the same coordinate system, “the 1984 World Geodetic Coordinate
System.” Specifically, layers of point formats were interpolated as a separate raster map
layer using the kernel density estimation function, then normalized from 0 to 1 using the
Raster Calculator in ArcGIS 10.5. Layers of surface formats were converted to raster layers,
with rasters with data being assigned a value of 1 and the rest assigned 0. To reduce the
repetitive time and effort to perform each layer, the iterator of ModelBuilder was used for
some level of automation.

2.2.2. Priority for Protection Calculation

This study used ArcGIS 10.5 and Zonation software (version 4.0.0) for priority calcula-
tion. Zonation is land-planning software based on ecosystem analysis and conservation
prioritization at large spatial scales [36]. It is widely used to establish terrestrial habi-
tats, species conservation areas [69], and marine protected areas [70,71]. The Zonation
algorithm makes it possible to find a balance among multiple categories of biodiversity
features—such as different species, habitats, and ecosystems—by dividing the study area
evenly into several smaller units and calculating and ranking the priority order of the
elements in each unit to produce a hierarchical prioritization of the conservation value of a
study area. The results were achieved by repeatedly removing the units in the remaining
unit set that caused the least marginal loss to the overall ‘conservation value’ and ranking
all units.

After several attempts, the additive benefit function was chosen for this work, and
the distortion factor was set to 100 to achieve a balance between the speed of computation
and reproducibility of the results; the weights of each type of parameter took the value of 1.
The “Additive benefit function” enables convergence to a solution to find a proportional
coverage solution for data in order to identify prioritized areas containing multiple species
or habitat layers, rather than considering only areas where a particular species or habitat is
very rich to find a minimum set of solutions covering all data categories [51]. The distortion
factor used in the model indicates the number of grid cells removed in each iteration.

2.2.3. Visualization and Comparison

After calculation, the conservation priority order was reclassified, filtered, and ranked
using ArcGIS 10.5. To consider the range from coastal and nearshore areas to the open ocean
and deep ocean trenches in the adoption of global marine protection priority calculations,
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30% of the global marine protection priorities were selected within and beyond national
jurisdictions using the mask function in ArcGIS 10.5 in the case of data gap of different
areas. Both within and beyond national jurisdictions, priority areas were reclassified and
ranked in order of protection priority using the reclassify function and Raster Calculator to
form a global marine conservation priority distribution map.

In order to compare the result with existing MPAs and EBSAs, the MPAs and EBSAs
layer was first converted to the same raster size as the results above and assigned values of
1 separately. The blank area was assigned 0 and then analyzed by overlaying the two layers
with the Raster Calculator in ArcGIS 10.5, then calculating the distribution promotion of
existing MPAs in priority areas via the number of grids with different values.

3. Results

3.1. Description of Global Priority Marine Areas for Protection Layout

As shown in Figure 1, the conservation priority of coastal and nearshore areas is
much higher than that of the open ocean. Considering that global marine protection
and conservation will revolve around the “30 by 30” initiative in the next decade, this
article proposes the top 30% of global priority marine areas for protection by analyzing the
model’s results.

Figure 1. The conservation priority of the global ocean. The output from the model is shown in this
map. The conservation priority ranges from 0 to 1. Blue and green indicate higher-priority areas for
protection, and conversely, red and yellow indicate lower-priority areas. Gray indicates the land.

The top 30% of the global marine protection priorities mainly include the Arabian
Sea, the Chagos–Laccadive Ridge, the marine areas around Madagascar and the Southwest
Indian Ocean region, the Western Pacific seamount area and the Eastern Pacific seamount
area, the Emperor seamount chain, the Tasman Sea, the North Pacific transitional zone, the
Southeast Pacific Ocean, the coral reef delta, and the hydrothermal region of the Midwestern
ridge of the North Pacific Ocean. It also includes the Argentine Basin, the Sargasso Sea, the
hydrothermal region of the Midwestern ridge of the North Pacific Ocean, the equatorial
high productivity area of the Atlantic Ocean, and other sea areas in the Atlantic Ocean. The
top 5% of the most protected areas are mainly distributed along the Atlantic and Indian
Ocean coasts, the Mediterranean, and the Western Pacific seamount region. Among them,
the priority of marine protection in territorial waters and EEZs is much higher than in areas
beyond national jurisdictions (Figure 2).
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Figure 2. The layout of 30% of global priority marine areas for conservation. Purple indicates the top
5% of areas with protection priority. Light blue, lake blue, yellow, orange, and pink indicate areas
with corresponding protection priorities. Gray indicates the land.

3.2. Distribution of Priority Marine Areas for Protection from the Coastline to Deep
Ocean Trenches

In the top 30% of global marine protection priorities, the priority of marine protection
and conservation in territorial waters and EEZs is much higher than that in marine areas
beyond national jurisdictions. Among the top 5% of areas with priority protection, 82.42%
are located in territorial waters and EEZs, while 17.58% are located in high seas and
international seabed areas beyond national jurisdictions (see Table 1). However, over 95%
of the areas with protection priority of 20% to 30% are beyond national jurisdictions. On the
one hand, this is due to the richer biodiversity in the coastal and nearshore waters, which
are habitats for numerous marine mammals, reptiles, fish, and seabirds, as well as important
habitats such as mangroves, kelp beds, and coral reefs with high conservation value. On
the other hand, the data on marine species, habitats, and ocean features used in this study
mainly rely on open-source data released after global marine scientific surveys. Due to
the abundance of surveys in the offshore area compared to the high sea and international
seabed, it is easier to be more accurate in determining the areas that need to be protected in
the coastal and nearshore marine areas.

Table 1. The distribution of protection priority areas. The table indicates the proportions of the 6 cate-
gories of maritime areas with different priorities within and beyond national jurisdiction, respectively.

Order of Priority Marine
Areas for Protection

Percentage of Territorial Sea
and Exclusive Economic

Zone

Percentage of High Seas and
International Seabed Areas

Top 5% 82.42% 17.58%
From 5% to 10% 71.27% 28.73%
From 10% to 15% 53.16% 46.85%
From 15% to 20% 15.09% 84.91%
From 20% to 25% 0.63% 98.47%
From 25% to 30% 0.16% 99.84%
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The protection priority of coastal and nearshore areas is higher. In contrast, in the high
sea and international seabed, due to the lack of systematic scientific surveys, the selection
of protected areas largely relies on available scientific cognition and model speculation,
resulting in a lower priority of calculated protection. To more scientifically lay out marine
protected areas globally, it is more feasible to first start from the waters under national
jurisdiction, and each country should prioritize the establishment of protected areas in its
own territorial waters and EEZs in accordance with domestic laws in order to establish a
scientific and reasonable system of marine protected areas. Simultaneously, countries could
actively cooperate in conducting scientific investigations in marine areas beyond national
jurisdictions, for instance, through international cooperation of big science programs under
the Ocean Decade. When the background data are sufficient, countries can scientifically
determine the priority order for protecting high seas and international seabed areas.

4. Discussion

4.1. Comparison with Marine Protected Areas and Ecologically or Biologically Significant
Marine Areas

At present, there are 18,431 MPAs worldwide, representing 8.17% of the global marine
area. In contrast, all established MPAs are located within marine areas of national jurisdic-
tion, except those in the Antarctic Ocean (including the Ross Sea region Marine Protected
Area and the South Orkney Islands Southern Shelf Marine Protected Area). A total of
27.96% of the world’s MPAs are located in the top 30% of the effective order of protection
when compared to the priority areas for marine protection within the jurisdiction, with
12.42% of the MPAs located in the top 10% of the effective order of protection (Table 2).
Clearly, the reason for such a large difference in results is the difference in the scope of
MPAs and the method and data used for their selection (Figure 3). As the current MPAs
are almost all selected within national jurisdictions based on the domestic laws of each
country and a large part of the data used to select MPAs in each country is not readily
available online and in open-source forums, our findings do not overlap well with existing
protected areas.

Table 2. The distribution proportion of existing marine protected areas (MPAs) and ecologically or
biologically significant marine areas (EBSAs) in priority areas. The table indicates the proportion of
MPA and EBSA areas overlapping with sea areas of different protection priority orders to the total
MPA and EBSA area.

Order of Priority Marine
Areas for Protection

Proportion of Existing
Marine Protected Areas

Proportion of Ecologically or
Biologically Significant Marine Areas

Top 5% 5.26% 6.59%
From 5% to 10% 7.16% 7.12%

From 10% to 15% 7.29% 7.27%
From 15% to 20% 5.28% 2.29%
From 20% to 25% 1.75% 10.54%
From 25% to 30% 1.22% 8.31%

Sum 27.96% 42.11%

An EBSA, described under the CBD regional expert workshops, is a type of marine
ecosystem area that has special ecological importance and biological value, such as marine
species breeding grounds, spawning grounds, migration corridors, or food resources. Due
to efforts by experts for more than a decade, more than 300 EBSAs have been described
both within and beyond national jurisdictions at a variety of depths from the surface to
the deep sea [23,72]. The comparison showed that approximately 42.11% of the described
EBSAs overlapped with the top 30% of priority protected areas, with 13.71% of the EBSAs
overlapping with the top 10% of priority protected areas (Table 2) (Figure 4).
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Figure 3. The overlay of priority marine areas for protection with marine protected areas. This
map compares the layout of existing MPAs with the result of priority marine areas for protection.
Purple indicates MPAs that overlap with the top 5% of priority sea areas. Correspondingly, light blue,
lake blue, green, yellow, and orange indicate MPAs that overlap with the corresponding protection
priority domains, respectively. The slash indicates MPAs that do not overlap with the top 30% of
priority sea areas. Gray indicates the land.

Figure 4. The overlay of priority marine areas for protection with ecologically or biologically sig-
nificant marine areas (EBSAs). This map compares the layout of EBSAs with the result of priority
marine areas for protection. Purple indicates EBSAs that overlap with the top 5% of priority sea areas.
Correspondingly, light blue, lake blue, green, yellow, and orange indicate EBSAs that overlap with
the corresponding protection priority domains, respectively. The slash indicates EBSAs that do not
overlap with the top 30% of priority sea areas. Gray indicates the land.
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The difference in results between the two kinds of areas is due to differences in the used
identification methods, as described by EBSAs through regional expert workshops held
under the CBD. Only relevant countries, regional organizations, non-governmental organi-
zations, experts, and scholars within a region are involved in the description, with technical
support provided by the Commonwealth Scientific and Industrial Research Organization
of Australia and the Marine Geospatial Ecology Laboratory of Duke University [23]. Using
the Central Indian Ocean Basin as an example, this area was described as an EBSA, as
it is a foraging area during the non-breeding season for four seabird species based on
past research [73]. However, the data we used to assess the distribution of seabirds came
from the IBA, and the Central Indian Ocean Basin was not identified as an IBA because
of different identification methods [67], which led to different results. Considering that
multi-species approaches using overall enclosure or diversity specifications are currently
the main method for selecting MPAs [39,74] for seabirds, due to the variation in seabird
distribution depending on their breeding site, age, or the time of year [39,75], it seems
more reasonable not to identify this area as an MPA. Furthermore, many EBSAs have been
described for more than 10 years, and objects of protection, such as marine migratory
species or deep-sea ecosystems, were not considered in the description. Compared to the
analysis methodology that only relies on available scientific information and models in this
study, the description of EBSAs had a focus that is more in line with stakeholder participa-
tion [76]. This method is more feasible within a region and has high operability but entails
strong expert subjectivity. Local support from stakeholders is crucial for the planning and
ongoing management of MPAs, as it could make the rules of MPAs more acceptable, as
well as increase trust and satisfaction [77]. In the future, it is recommended that the use
of available scientific information and evidence support, stakeholder participation, and
expert evaluation in the selection and planning of high seas protected areas be combined to
improve the scientific nature of protected area planning.

4.2. Discussion on Management of Priority Marine Areas for Protection

Based on open-source data regarding species, habitats, and ocean features and using
spatial analysis methods, this study takes global marine regions as the research object
and identifies marine regions that need global priority protection. The mere proposal
of MPAs does not guarantee actual ocean protection; effective management measures,
enforcement [78], surveillance, and compliance with regulations are also decisive for
MPAs [79]. The measures of an MPA vary widely from strict protection, with all extractive
activities being prohibited, to areas that permit certain levels of extraction and human
activities [80]. The different marine areas in Figure 1 should be protected in different ways.
Although the protection priority order of different sea areas might be roughly at the same
level, the specific protection objects and objectives are different, and establishing each MPA
is a different task. It is necessary to adopt a “case-by-case” strategy when establishing an
MPA and develop targeted management measures as well as monitoring, surveillance, and
control tools that are based on the protection objectives and objects in different regions to
protect the marine environment while considering normal marine activities and resource
development and utilization.

Management measures of MPAs include routine measures related to human activities
monitoring, fishing activity regulation, the establishment of biological rest periods, and
the regulation of marine and terrestrial spaces like zoning or buffers [81]. Referring to the
“Guidelines for Applying the IUCN Protected Area Management Categories to Marine
Protected Areas”, MPAs are always divided into six categories (including Ia, strict nature
reserve; Ib, wilderness area; II, national park; III, natural monument or feature; IV, habi-
tat/species management area; V, protected landscape or seascape; and VI, protected areas
the with sustainable use of natural resources) based on their management objectives [82],
and different management measures from exclusionary protection to sustainable utilization
are implemented for different categories of MPAs [83].
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For example, in protected areas with a priority of 5% to 10%, the protection objects of
the Southwestern Indian Ocean are unique seamounts and shoals, with rare and fragile
species habitats [84] and some threatened seabird species [85]. An MPA should be estab-
lished to protect seamount ecosystems, biodiversity hotspots near the seamount [86], and
the migration routes of seabirds. Seamount habitats and ecosystems are put at risk by
seabed mining and bottom trawling, which are the main human activities in this region [84].
Some deep-sea corals and sponges near the seamount are particularly sensitive to the
impacts of bottom fishing [87]. Therefore, the management measures of MPAs in this
region should focus on deep-sea mineral exploration, commercial mining, bottom fishing
prohibition, catches or footprint limitation, bycatch mitigation, and complete observer cov-
erage on all commercial fishing vessels. The protected objects in the Arabian Basin are the
feeding area of petrels [88]. The region is also home to threatened species, including baleen
whales, sea turtles, and dolphins [89]. As the main human activities in this area include
fishing and shipping, measures of MPA here could focus on improving the environmental
protection standards for shipping and fishery and implementing management measures
such as vessel noise reduction, speed reduction, marine litter discharge reduction, bycatch
mitigation, and low-carbon clean vessel fuels [89].

Management measures should be designed to balance normal marine activities and
resource exploitation and should not be generalized to all protected areas. Excessively strict
protection measures would greatly increase the cost of MPAs and affect the livelihoods of
local communities, such as fisherfolk [90]. In particular, some activities have little impact on
the environment, such as maritime scientific investigations and submarine cable laying [91].
Targeted management measures with time bounds could be stratified and graded according
to the protected species. Moreover, management measures should consider the livelihoods
of fisherfolk, including proposing alternative livelihoods, involving all stakeholders and
the wider community of fisherfolk in MPA management [64,92].

4.3. Limitations

There were limitations in this study. We extensively used data on marine species,
habitats, ocean features, and biogeographic provinces to describe priority areas for marine
conservation, but all data were acquired from open sources. Spatial and temporal gaps of
available data are a general limitation for biodiversity conservation [93], and there were
uneven data on the distribution of specifications and habitats in different sea areas [94],
such as in the South Atlantic [95], which likely influenced our results. Meanwhile, we also
note that research technologies regarding marine biodiversity and habitats are emerging,
such as the use of eDNA sampling and remote sensing techniques, which could help fill the
gaps in data used for MPA identification [34,96]. In addition, the use of data and models
with the participation of experts and the public, in line with the description of EBSAs, will
undoubtedly be beneficial in a better “30 by 30” proposal.

4.4. Recommendations

Two recommendations are made in this paper to better contribute to the global con-
struction of MPAs and other area-based management tools for marine biodiversity conser-
vation and protection.

First, considering that laws and guidelines for establishing MPAs beyond national
jurisdiction are still being developed [97], priority is given to promoting networks of marine
protected areas within national jurisdictions. At present, the area of marine protection
in waters under the jurisdiction of many countries is seriously inadequate. In China, for
example, the total area of marine protected areas only accounts for 4.1% of the area of
marine areas under the country’s jurisdiction, far short of the intended protection target.
Most protected areas are in the territorial seas, with a serious lack of marine protection
in EEZs [98]. To achieve effective protection of the oceans, it is first necessary to conduct
scientific surveys around China’s Bohai, Yellow, East, and South China Seas to obtain
basic data for designating MPAs or other area-based protection or management measures.
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By combining data on the specific environmental and species distribution status and
human activity distribution of the four sea areas, the selection and management plan of
MPAs within the exclusive economy can be determined, starting with the establishment
of well-designed, well-managed, and strongly enforced MPAs in EEZs based on solid
scientific data.

Second, to promote the construction of global protected areas more quickly and at
the same time guarantee the right to participation for low- and middle-income countries,
it is necessary to promote systematic joint marine scientific surveys in the high seas and
international seabed areas, with the participation of all countries, in order to map the
distribution of species and habitats in the high seas at an early stage. It is recommended that
international scientific programs such as the “2021–2030 United Nations Decade of Ocean
Science for Sustainable Development” and the “Global Ocean Observing Programme” be
used as a means of scientific capacity building and public awareness raising in low- and
middle-income countries and that countries cooperate in conducting scientific surveys.
Scientific data should be obtained to support the selection of protected areas in the high seas
and international seabed areas, priority areas for global marine biodiversity conservation
should be identified as soon as possible, and relevant proposals should be made.

5. Conclusions

The systematic identification of global conservation priority considering nearshore
and offshore species, habitats, and abiotic elements, as well as the sustainable use of
marine resources, plays an important role in identifying and managing MPAs at the
global scale to ensure marine protection and conservation. This study provides a global-
scale proposal for the selection of priority areas for marine protection under the scenario
of achieving the “30 by 30” target. Feasible recommendations to identify MPAs were
proposed based on comprehensive scientific evidence and stakeholder participation in the
future. Furthermore, in order to improve the effectiveness of marine protection, scientific
delineation of the boundaries of protected areas is necessary, as well as the development
of targeted management measures based on the specific objects to be protected and the
threats affecting them.
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Abstract: The purpose of this study was to explain how the heterogeneous elements embedded
in the Jimei Peninsula affect the transformation of the production landscape into a consumption
landscape and the connection between urban governance and economic transformation. The study
took a qualitative approach, utilizing historical literature analysis, a field investigation, and in-depth
interviews to explore the driving forces and impacts of coastal-zone functional transformation. A total
of 26 residents were interviewed individually or collectively, the current situation in the coastal zone
with a length of about 16.1 km was recorded in detail, and all the collected elements were divided
into six landscape categories for analysis. The results indicate that urban positioning, economic
development, policies, and residents are the main factors driving the continuous advancement of
the Jimei Peninsula zone. The coast has completed the functional transformation from meeting the
residents’ survival needs to tourists’ sightseeing needs. The traditional fishing culture in this area is
slowly disappearing with the tide of time, and navigation technology is being passed down through
the Jimei School Village. This study reveals the dynamic process of the transformation of coastal
functions in representative coastal tourism cities in China, bringing attention to coastal ecology and
local fishing culture, and raising people’s awareness of cautious coastal development and sustainable
blue-economy development.

Keywords: heterogeneous; embeddedness; moments; commodity; consumption landscape

1. Introduction

Coastal zones are the most productive areas [1], but the dynamic nature of the interface
between land and sea [2] makes coastal areas particularly vulnerable to the effects of human
activities. Although the consequences of changes in coastal areas are local or regional,
they are likely to affect human society within a decade and cause irreversible changes [3].
Economic globalization has led to the economic growth of coastal port cities, which requires
the expansion of hinterlands into the sea.

By the end of 2020, the cargo and container throughputs of Chinese coastal ports
(which were 48.5-fold higher than those in 1978) were ranked first, globally [4].

For China, the economic transformation over the past half century has been driven
by coastal cities. Most of the prototypes of these cities are fishing villages of varying sizes.
Fishing is the main form of livelihood in these villages, which encouraged the development
of shipbuilding, and in turn, shipbuilding technology promotes human trade, migration,
and exploration. Thus, it can be said that fishers and their related landscapes gave birth to
the modern world [1].

However, most of the fishing village landscapes along China’s coast have disap-
peared with the rapid economic growth, and there is a lack of historical records of this
process in the literature. This study attempts to document how the fishing village land-
scapes that relied on the sea for survival disappeared due to economic growth, including
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the reasons for their disappearance and how the changing coastal landscape accelerates
economic transformation.

1.1. Background

China’s reform and opening up began in 1978, and every decade since then the coastal
zone has undergone drastic changes. In the first decade, the continuing increase in popula-
tion coupled with economic growth, rapid urbanization, and infrastructure development
resulted in the disappearance of space/resources in the coastal zone, including salt pans,
breeding ponds, and agricultural land [5]. In the second decade, more than 70% of large
Chinese cities were located in the coastal areas, accounting for 55% of China’s gross domes-
tic product (GDP) [6]. Furthermore, in 1998 alone, the occurrence of diseases in maricultural
animals reached 30%, resulting in high economic losses [7,8]. In the third decade, with
rapid economic growth and urbanization in China’s coastal zone, new issues emerged,
such as increased coastal pollution, ecosystem degradation, water resource depletion, and
coastal erosion. From the fourth decade to the present, the coastal areas accounted for
approximately 70% of the GDP in China [9,10] and contributed to China’s rapid urban-
ization from 2000 to 2020 [11]; however, there were land use conflicts (cultivated land,
construction land, and the ecological spatial layout in coastal zones) in all the coastal
provinces of China [12]. Human activities have increased the exposure and vulnerability of
China’s marine and coastal ecosystems, causing a reduction in coastal wetland areas, as
well as degradation of biodiversity and ecosystem stability [13]. The research of Li, Sun [14]
showed that in the past 30 years, overall, the landscape in China’s coastal areas has rapidly
fragmented, with reduced aggregation, complexity, and irregular edge shapes [14].

In general, in each decade of the past half century, China’s coastal zones have lost their
space/resources, achieved economic growth, and experienced environmental decline.

The coastline of China is approximately 18,000 km long. The comprehensive gov-
ernance of coastal zones in its true sense began in 1994 with the cooperation between
China and the United Nations Development Program (UNDP). It was only in 2004 that
the country started considering integrated land–sea governance as a national strategy [15].
However, prior to this, China’s coastal provinces had already been the fastest developing
regions in the country. By 2017, the per capita GDP in coastal-zone areas was close to
that of high-income countries [15,16]. On the other hand, the high intensity of land devel-
opment and population density in these coastal zones have resulted in significant social
and environmental changes, resource pressures, coastal pollution, a continuous decline in
ecosystem health, and increased environmental risks [17–21]. These issues indicate that
the economic benefits of coastal zones are not proportionate to the governance of their
ecological environment.

1.2. The Value of the Jimei Peninsula as a Case Study

Xiamen was a pilot city for the United Nations Partnerships in the Environmental
Management for the Seas of East Asia (PEMSEA) in 1994 [22]. Earlier, in the 19th century,
Amoy (Xiamen) was one of China’s foreign treaty ports [23], which were the instruments
that forced China to open up to the world, and also the places that could more readily
adapt to globalization [24]. The difference between Xiamen and other treaty ports is that
it is an island. Since it was a trading base for the Portuguese, Spanish, and Dutch from
the 16th to the 19th century, it was an island on the “must have” list for foreigners [23].
Although it developed relatively slowly in the 19th century, it was also an “attractively
provincial” port [23]. The open nature of Xiamen Island means it easily accepts foreign
things. The surrounding waters of Xiamen Island are very rich in fishery resources [25], and
it has a long history of development of fishing and hunting, fishing ports, and fisheries [26],
and even as a treaty port; fishery production continues to be maintained. In 1980, Xiamen
Island immediately became a special economic zone in China, and the commercialization
of the city was rapidly promoted. In 2001, Xiamen was positioned as a tourist city and
began to renovate the surrounding sea areas [27]. At this time, all aquaculture in Xiamen
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Island was withdrawn from the coastline [25], and since then, the fishing village landscape
of Xiamen Island has completely disappeared.

Tourism became a development priority during the transition from a planned economy
to a market economy [28]. Coastal tourism that has undergone the transition from a
planned economy to a market economy contributed to the rapid development of the
coastal zone in China and it has been one of the major marine industries since 1993 [29].
China’s economic growth and the functional transformation of coastal spaces are mutually
exclusive, and the coastal zone of the Xiamen Special Economic Zone has a certain degree
of representativeness, which can be used to infer the changes in the spatial distribution
of fishing villages in southeastern China. At present, only the coastal zone of the Jimei
Peninsula can be used to study this process.

1.3. The Issue and Purpose of This Study

Coastal tourism was seldom studied under the framework of the coastal-zone man-
agement considering the influence of China’s economic and political reform [29]. The
coastal function of the Jimei Peninsula has transformed the urban positioning of Xiamen in
different periods. The process of how a coastal zone transforms from a production space
to a consumption space has rarely been discussed. We posit that the function of a coastal
zone changes with the positioning of the city and is affected by the dynamic influence
of heterogeneous elements in the process of change. Geographical studies can highlight
the appearance of local reproduction for consumption practices and how consumption
processes and practices create special geographical features [30].

However, although the Jimei Peninsula in the north of Xiamen Island is closely related
to the development of Xiamen and belongs to the Xiamen Special Economic Zone, it has a
very different landscape. The Jimei Peninsula is characterized by its long coastline, which
still maintains a fishing village landscape, and is also affected by the Xiamen Treaty Port.
The peninsula is studded with fishing villages, ports, schools and other elements, still
maintaining the landscape of the early 20th century. However, the latest research from
Yu-Yan Zhang, Zhe Zou [31] and Zou, Zhang [32] points out that the spatial pattern of
the Jimei Peninsula coastal zone generally maintains the mosaic pattern of fishing villages
and educational spaces [33]. However, after 1994, the spatial governance model of the
coastal zone completely changed. The change in this model came with the economic
transformation of the city. Among these changes, the “Coastal Exclusion Policy (CEP)”
has had a significant impact on the fishing villages around Xiamen Island, as fishers were
forced to withdraw from coastal areas [32]. This policy means that coastal communities
and fishing villages will also lose their unique production patterns and landscapes, but this
important point was not mentioned in the aforementioned article. This study will continue
to explore the current situation of coastal-zone changes after the policy’s implementation
and all the impacts brought by the changes.

This study takes the coastal land-use changes on the Jimei Peninsula as the object;
the purpose of this study was to explain how the heterogeneous elements embedded in
the peninsula affect the transformation of the production landscape into a consumption
landscape and the connection between urban governance and economic transformation.
The coastal zone is a place where people closely interact with the environment, and it is
also the most developed. However, focusing only on the economic advantages of a single
industry is likely causing us to ignore more important issues, for example, the decline of
the ecological environment and the irrecoverable fishery culture, as these important issues
are hidden behind the changes in the coastal landscape. The aim of this study is to increase
the awareness of sustainability in the current blue economic boom.

2. Methods and Materials

2.1. Study Framework and Design

Today, China’s consumption model has also shifted from material goods to more expe-
riential consumption [34]; Chinese consumers have entered an era of cloud consumption,
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where the start- and end-point of the commodity cannot be seen during the consumption
process. Moreover, the concept of a linear or one-way commodity chain is no longer enough
to explain the process of production and consumption [30] because different locations and
nodes in the commodity chain are bound to be connected [35]. A non-linear research
approach transforms commodities into social practices, relationships, and policies, which
are conceived as different aspects that are connected in different ways [36]. This study
treated these as heterogeneous mosaics and identified the coastal landscape through on-site
surveys and coding.

This study adopted two research approaches, namely historical geography and post-
structuralism geography; the former can explain the regional dynamics in the long-term
process of change, while the latter can explain the investment of political and economic
energy in specific areas, making the space appear open, and all endogenous and exogenous
factors can freely enter and exit. Spaces refer to newly created areas in the ever-changing
dynamics [37,38]. The coastal zone is the junction between the sea and land, with the
characteristics of openness, freedom, and imagination. The above characteristics coincide
with those of post-structuralism, such as openness and conflict, difference, transcendence,
loosening, and freedom.

This study uses the concept of an “underground rhizome” to reflect the spatial frag-
mentation of the coastal zone. We believe that, hidden under the spatial fragmentation,
there are close relationships. It uses the point-to-point rhizome concept [39] to focus on
the dynamics of coastal land changes, with particular attention to the relationship between
heterogeneous elements and changes in coastal landscapes. Only by constructing a net-
work among all spatial elements in the coastal zone, including culture, education, tourism,
ecology, and policies, can we identify the various relationships hidden in the handover
and transformation.

2.2. Study Steps and Contents

This study was conducted from October 2022 to February 2024. A total of 26 residents
were interviewed individually or collectively, including fishers, retail store owners, coastal
residents, community administrators, Jimei University teachers, Jimei University students,
and police officers (Table 1). Furthermore, the current situation in the coastal zone with a
length of about 16.1 km was recorded in detail, including tourist attractions, public facilities,
settlements, and historical sites. All the collected landscape elements were divided into
six categories for analysis.

Table 1. List of interviewees.

No. Sample
Coding

Sample Coding Age Background Interview Time and Place

1 S1 M Above 60

Grandpa’s main job is as an employee in
the logistics department of a
construction institute, and his side job is
as a fisher.

15 April 2023, online interview;
28 October 2023, grandpa’s home.

2 S2 M 20–35 Fisher 16 April 2023, telephone interview

3 S3 S3-A:M 36–60 Vegetable retailer (husband and wife) 20 April 2023, Jimei Dashe
S3-B:F 20 April 2023, Jimei Dashe

4 S4 F Above 60 Clam-digging residents 20 April 2023, Jimei Dashe
5 S5 F 36–60 Nearby residents 29 May 2023, Jimei Dashe

6 S6 M 36–60 Nearby residents 9 April 2023, East coast of Xinglin
Bay Landscape Belt

7 S7

S7-A:M 20–35
Employees of Dashe
Neighborhood Committee

30 May 2023, community
neighborhood committee

S7-B:F 36–60
S7-C:F 20–35
S7-D:F 36–60
S7-E:F 36–60

8 S8 M 36–60 Photographer 30 May 2023, online interview

9 S9 M 36–60 University teacher 31 May 2023, Jimei University
College of Art and Design

10 S10 M 20–35 Sailing instructor 31 May 2023, online interview

11 S11 M Above 60 Clothing store owner; digs oysters and
sells them to surrounding businesses. 4 June 2023, Jimei Dashe

130



Water 2024, 16, 913

Table 1. Cont.

No. Sample
Coding

Sample Coding Age Background Interview Time and Place

12 S12 S12-A:F Above 60 Manager of Chen Clan Association 4 June 2023, Chen clan
ancestral hallS12-B:M

13 S13 F 36–60 Fishmonger 4 June 2023, Jimei Dashe
14 S14 M Above 60 Retired high school teacher 4 June 2023, Jimei Dashe

15 S15 S15-A:F 36–60 Jimei Dashe small shop owner 23 November 2023, Jimei Dashe
S15-B:M 36–60 Residents of Dashe 23 November 2023, Jimei Dashe

16 S16 F Above 60 Fishmonger 24 November 2023, Jimei Dashe

17 S17 S17-A:F Above 60 Street vendors at Jimei Dashe 24 November 2023, Jimei Dashe

S17-B:M Above 60 Retired grandfather who lives in
Jimei Dashe 24 November 2023, Jimei Dashe

18 S18 F 36–60 Owner of a retail store next to Ao
Garden 24 November 2023, in the store

19 S19 F 36–60 Specialty shop owner next to Ao Garden 24 November 2023, in the shop
20 S20 F 36–60 Specialty shop owner next to Ao Garden 24 November 2023, in the shop
21 S21 F 36–60 Specialty shop owner next to Ao Garden 24 November 2023, in the shop

22 S22 F 20–35 Street vendors 24 November 2023, dragon
boat pool

23 S23 M 36–60 Police officer 9 November 2023, Shi Li
Chang Di

24 S24 F 30 Student (with part-time job
selling bouquets). 21 January 2024, online interview

25 S25 F 20–35 Full-time flower shop studio owner. 21 January 2024, online interview

26 S26 F 20–35 Student (with part-time job
selling bouquets). 22 January 2024, online interview

Note: The age of the interviewees is based on the year of the interview. The personal information of the
interviewees was as complete as possible. In accordance with research ethics, the interviewees are represented by
codes. The code “F” represents female, “M” represents male, “A:F” represents female A, and “ B:M “ represents
male B.

In response to the heterogeneous elements in the coastal zone, a variety of data
collection methods must be used. The data used in this study include historical documents,
official documents (including laws, regulations, propaganda, and announcements), news
media reports, publications, and social media content. The above data correspond to the
nonlinear research framework, and triangulation was used to determine the correctness
of the content. Study methods including case studies (including Dashe Fishing Village,
Shi Li Chang Di), secondary literature analysis, fieldwork, and interviews (a total of
26 samples, Table 1) were used. These study methods were selected based on the results of
exploratory research and the data of the study cases, which show the main characteristics
of fragmentation and heterogeneity.

Changes in coastal fisheries were the focus of the interview, and the topics included the
“Coastal Exclusion Policy (CEP) and the differences before and after CEP”, land reclamation,
and the impact on ecology, culture and life. The interview location was the interviewee’s
home, pier, workplace, coastal zone, etc. Please see the Supplementary Information for
interview time and summaries (Supplementary Table S1).

The numbers and illustrations used in this study are defined as follows: 1© refers to
the site number shown in Figure 2 and (S1, S2, S4) refer to the interviewees’ sample number.
The sample numbers and interview summaries can be found in Supplementary Table S1.

2.3. Study Space and Time Scopes and Definitions

This study focused on the Jimei Peninsula (shown in Figure 1), located at 117.57◦ E to
118.04◦ E and 24◦25′ to 24◦46′ N. Its land area is approximately 275.79 square kilometers [40],
and is located at the junction of the eastern and western sea areas of Xiamen city. The
coastal zone at the southern tip of the Jimei Peninsula is one of the few areas in Xiamen that
remains relatively unchanged, and it is also one of the few living areas that still retain the
culture of southern Fujian. Administratively, it falls under the jurisdiction of Xiamen City,
in the period of 1936–2023. The coastline on the Jimei Peninsula in 1936 still maintained the
natural terrain, but 1949 was the starting point for coastline changes. From 1978 to 2000,
the coastal zone underwent the most dramatic changes, and from 2020 to 2023, tourism
represented the main function of the coastal zone.
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Figure 1. Study area.

The Jimei Peninsula features a combination of various geographical features, including
low mountains, hills, plateaus, plains, and coastal tidal flats, as it is situated in a transitional
zone between land and sea. This has contributed to the formation of a semi-fishing and
semi-agricultural society [41]. The maritime area of the Jimei Peninsula is approximately
40 square kilometers. Due to natural siltation, land reclamation, and the construction of
reservoirs along the coast, the coastline and tidal flats have gradually been reduced, and
some areas have experienced varying degrees of pollution. Before 1956, the coastline of
the Jimei District consisted of the coastlines of the Jimei Peninsula, Xinglin Bay, Xinglin
Peninsula, Maluan Bay, and islands in Xinglin Bay, which were relatively long.

However, with the construction of the Xinglin Dam (Xinglin Reservoir) and Xinglin
Bay Reservoir, as well as extensive land reclamation, the coastline has gradually shortened.
The area of this study was defined as between Jimei Bridge and Shi Li Chang Di, and
Antarctic Ao Garden and the end of Xinglin Bay Greenway.

3. Results

3.1. Spatial Distribution of Heterogeneous Landscapes in Coastal Zones
3.1.1. Production Landscape

When the coastal currents from Zhejiang and Fujian carry sediments deep into Xiamen
Bay, tidal flats are formed around the Jimei Peninsula [13]. The low temperature, low
salinity, and nutrient-rich characteristics of ocean currents create favorable conditions for
the reproduction of organisms in the coastal zone, especially in autumn and winter [42].

The coastline of the Jimei Peninsula is winding, and there are clams, oysters, crabs,
mantis shrimps, conches, sandworms, octopuses, seaweed, and other coastal creatures on
the tidal flats [43]. These stable biomasses have attracted coastal residents for hundreds of
years. In autumn and winter, the residents have used many simple tools, such as bamboo
baskets of different shapes, and shovels, to set traps, search for food, and collect these
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organisms, in a process which is called Tao Xiaohai (which means “foraging behavior in the
intertidal zone”) [43,44]. On the tidal flats of the Jimei Peninsula, as long as you understand
the tides, you can collect mollusks in large quantities; thus, residents in the coastal zone
have a predictable food source in autumn and winter. A tide sign is still erected in this area
( 8©). The location around this signboard is the only place where the collection activities
can be seen on the Jimei Peninsula. The tidal flats have a stable productivity, encouraging
the cultivation of fields on tidal flats and forming a system of sea fields (S1, S2, S4, S8,
S11, S12, S15, S16, and S17). The sea fields of the Jimei Peninsula are distributed at the
southernmost end ( 1© , 2© , 3© , and 4©). The sea fields have enabled the fishing village
to have mature social organizations, economic activities, and a fishery culture. Coastal
residents have a tradition of using the coastal tidal flats to grow food or breed livestock,
and reclamation is carried out based on economic needs. For example, the reclamation on
the west coast of the peninsula turned 40,000 acres of tidal flats into land for growing rice
( 12©) [45,46]. The original intention of reclamation was farming or salting, but the economic
benefits of aquaculture are much higher than those of farming or salting, so most of them
were converted to aquaculture.

Shellfish excavated on the tidal flats can be easily boiled or grilled, and eaten, but
their weight limits the distance they can be transported, and so they must be processed
or eaten locally. Therefore, women can be seen everywhere in fishing villages shucking
oysters, which are sold fresh or dried ( 11©) (S15-B, S16). There are also fishers living on
the coast who harvest clams and distribute them to the market (S4, S11). Most residents of
Dashe Fishing Village make a living from fishing or aquaculture, and in its heyday there
were about a hundred boats (S2) [47]. There is a boat repair shop in Dashe Fishing Village.
Fishing equipment such as fishing nets are repaired by the fishers themselves 11©). Tao
Xiaohai, processing, purchasing, selling, and repairing fishing gear constitute the primary
production landscape of the Jimei Peninsula coastal zone.

In 2007, the western sea area of the peninsula began to be regulated: aquaculture
and fishing were prohibited, and the scale of aquaculture dropped sharply (S1, S2). Due
to natural siltation and land reclamation (S1, S6, S7, S10), sea reclamation, and reservoir
construction, the area of coastlines and tidal flats gradually shrunk, and the sea areas were
also polluted, to varying degrees (S1, S2, S4, S9, S16). So far, the visible production landscape
of the fishing village consists of only very sporadic fishing and oyster-shucking activities.

3.1.2. Cultural Landscape

Carefully observing the tides on the shore is the first step before fishers start production.
The understanding of nearshore fish drives humans to build rafts to go out to sea for fishing.
There were at least four piers on the Jimei Peninsula, and currently, only the ruins of the
Dragon King’s Palace pier still exist ( 5©) [48,49]. However, fishery production is a high-risk
labor industry. Due to safety needs and spiritual sustenance, many beliefs and taboos
have arisen [48]. For example, the fishers of Dashe Fishing Village go to Tianfei Palace and
Dragon King’s Palace together before going to sea for the first time in the new year [32].
The same beliefs and practices strengthen the cohesion of local fisher organizations [47,50].

The unpredictability of going to sea is the essence of fishers’ traditional beliefs. There-
fore, there are many specific landscape elements connected to beliefs on the coast that
are exclusive to the fishing culture. Therefore, the Tianfei Palace was built on the rocks
on the east side of the peninsula ( 8©) [51,52], and the Dragon King’s Palace was built on
the small island on the west side ( 5©). The purpose was to seek safety at sea with the
power of faith [51,53]. The landscape pattern also extends to the more exclusive fishing
culture. For example, when a fishing boat returns to port, the whole family will greet it and
hold a “peace” ceremony. When returning to port, if something unlucky happens, you are
not allowed to drive past the Dragon King’s Palace [54,55]. During the Lantern Festival,
fishers will go to Tianfei Palace and Dragon King Palace to worship (S11), and fishers burn
incense twice a month to worship those who died at sea (S1). The elaborate rituals, customs,
and economy are all related to fishery production. Before the implementation of the CEP,
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various clans in Dashe Fishing Village would still have activities in the sixth and seventh
lunar months and at the Lantern Festival (S11).

Tianfei Palace was destroyed by artillery fire during World War II, and Ao Garden was
built on the original site. The fishing piers have also disappeared, due to land reclamation.
Only the Dragon King’s Palace pier still has a temple, and is the only fishery cultural
landscape (The numbers and illustrations used in this study are defined as follows: 1©
refers to the site number shown in Figure 2).

Figure 2. Coastal line changes and landscape elements of the Jimei Peninsula.

3.1.3. Educational Landscape of Maritime Technology

For scholars, illiterate fishing communities are elusive because fishers keep knowledge
within their communities, passing it on from generation to generation and rarely allowing
it to leave the community [1]. For the same reason, until the early 20th century, education
in the fishing villages of the Jimei Peninsula was still poor [45,56]. Because fishers have
been cultivating the sea, and using animal husbandry and fishing practices for a long time,
children learn to fish on the tidal flats at the age of six or seven and go to sea with their
family elders when they are more than ten years old. All knowledge is accumulated and
transmitted at sea, and the content is related to fishery and navigation. The new generation
of fishers enjoys the experience passed down by their predecessors, has accumulated
many industrial habits that adapt to and promote productivity, is proficient in the fishing
season and flood season, has sufficient practical experience, and can “observe the mountain
situation”, judge the direction, and avoid dangers (S1, S2, S3). Regardless of fishery or trade,
the livelihood of fishing villages is derived from community inheritance, and education is
not widely available in fishing villages.

“When they did not have a living skill, they went to Southeast Asia, Singapore, and
Malaysia to make money. It was easy to make money with clans, so they usually stopped
studying after they reached junior high school. Even if they went to college, they would
not necessarily earn more than they did. At that time, the Chen family not many of our
children can go to high school.” (S3-a)

Therefore, the education level in coastal areas has not improved.
However, there is the famous Jimei School Village, which is a fishing village at the

southern end of the Jimei Peninsula. It consists of a mosaic of villages and schools, which
are famous for their knowledge and navigation technology courses [33]. The reproduction
of the fishing community is attributed to the inheritance of navigation technology, which
can be used to develop fisheries and easily expand the transnational trade space. Tan Kah
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Kee (also known as Chen JiaGeng, the founder of Jimei School) of the Chan clan in Dashe
Fishing Village is an important kin leader because of his prosperous overseas trade and
his allocation of assets for education [56]. He recognized the importance of revitalizing
navigation and fisheries, and allocated wealth to navigation technology education [57].
Jimei Primary School, Normal School, Fisheries, Navigation, and other schools are collec-
tively referred to as the Jimei Schools ( 7©) [58]. The six buildings at the core of the campus
bear witness to the history of maritime education in Jimei School Village. The fifteen-story
Nanxun Tower is a landmark on the coast of the Jimei Peninsula. When Tan Kah Kee built
it, it was also intended to protect fishery production and provide directions and the time
for fishers traveling at night [59]. Jimei School Village is a collection of fishing villages,
sailing education and leaders, and other elements, leaving a special educational landscape
on the Jimei Peninsula.

3.1.4. Governance Landscape

This study overlaid onto each other the 1936–2023 maps for the Jimei Peninsula, which
showed that in the past 90 years land reclamation has expanded the Jimei Peninsula’s land
area by 42.54% (Figure 2). The area of tidal flats in the coastal zone has also been reduced
and artificialized.

From 1955 to 1965 alone, the reclamation area of Xinglin Bay was as high as
2000 hm2 ( 10©) [60]. During this period, Jimei built the Gaoji and Jixing seawalls, with the
main purpose of making Jimei a transportation hub connecting the island with the outside
world. From 1966 to 1968, large-scale reclamation was carried out in Xinglin Bay. The
main purpose at this time was aquaculture [61]. However, although land reclamation has
improved the economy, it has led to a reduction in the area of tidal flats. In the late 1970s,
it also caused the number of oysters in a large area to decrease [45]. The year 1984 was
a turning point in Xiamen’s reclamation activities. Before that, the reclaimed areas were
mainly used for aquaculture, but after 1984 the reclamation projects were mainly used for
port construction, industry, commerce, trade, and urban construction [62]. After the 1990s,
a large number of tidal flats in Jimei were developed and built, but the area of tidal flats
continued to shrink. The east side of the Jimei Peninsula now consists almost completely of
reclaimed land ( 13©).

“Jimei used to be very small, just a small fishing village. The Jiageng Memorial Hall
used to be located on the tidal flats. Now the east of Xunjiang Road is filled in by the
government” (S1, S2, S3, S6, S7, S9, S10)

Since 1994, Xiamen has implemented coastal management for the surrounding sea
areas by regulating the coastline [63–66]. The year 2002 marked a turning point in coastal-
zone governance. The “Comprehensive Rehabilitation of Aquaculture in the Western
Sea Area” policy, commonly known as the “Coastal Exclusion Policy (CEP)”, was imple-
mented [32]. In 2006, the Jimei Peninsula began to implement the CEP in an attempt to
restore the ecology. It banned tidal flat farming and punished fishers who violated the
regulations [67]. By the end of May 2020, the Jimei Peninsula had fully completed the work
of clearing the sea area for breeding.

The governance landscape of the Jimei Peninsula coastal zone is mainly land reclama-
tion and artificialization, which is in line with the pace of economic development in China
as a whole [68]. The Jimei Peninsula is a historical microcosm of the entire southeastern
coast of China.

3.1.5. Tourism Landscape

Xiamen city was approved as a scenic tourism city by the central government in
2001 [27]. The subsequent coastal governance measures were all aimed at promoting the
development of tourism in line with the development goals of scenic tourism cities [69]. In
2002, Xiamen promulgated a CEP to build coastal tourism facilities on the coast to increase
the economic benefits [70]. Beginning in 2006, fishers on the Jimei Peninsula began to
withdraw from the coastal zone; the withdrawal was completed in 2020, thereby meeting
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the marine environment requirements of the tourist scenic area [71]. The government has
also successively proposed projects for the Jimei coastal zone [72], including beautification
projects, the planting of mangroves, the construction of sea plank roads and landscape
platforms, etc., to cope with the development of tourism [73].

The development of tourism on the Jimei Peninsula has attracted a large number of
foreign tourists [74]. The coastline of the peninsula is already dotted with tourist spots
(Figure 3), including landscape green belts, bicycle paths, parks, and hotels. These facilities
were initially concentrated in the north corner of the southeastern coast of the peninsula
before spreading to the entire coastal zone ( 8©). The Dragon King Palace, a cultural fishery
landmark, is now a thousand-year-old temple, and the surrounding green belt formed by
land reclamation was repackaged into the “Shi Li Chang Di” (which means 10 km-long
seawall). The intersection of Gaoji Bridge and Jixing Bridge has also been developed in
order to boost the economic vitality of the coastal zone [75] (Figure 3).

Figure 3. Tourism landscape elements.

3.1.6. Ecological Landscape

The tidal flats formed by the Zhejiang and Fujian coastal currents around Xiamen Bay
are habitats that nurture coastal ecology [13] and provide important stopover, breeding,
and wintering habitats for many endangered water bird species [76]. The creatures and
migratory birds on the tidal flats form the ecological landscape of the coastal zone [77].
However, since 1964, land reclamation has expanded the area of the peninsula and the
length of the coastline, completely changing the original appearance of the coastal zone.
Initially, only the coastline at the southern end of the peninsula had minimal changes [32],
but it was completely artificial by the end of 2023.

Over the past few decades, the degree of human-induced artificialization along the
coast has increased significantly, with the construction of ports, docks, and bridges, which
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occupy a large portion of the coastline, leading to a significant decrease in fishery re-
sources [78,79]. In 1955, after the construction of two seawalls on the east and west sides
of the Jimei Peninsula, the natural nurseries in the coastal zone disappeared, resulting
in a decrease in shrimp production. The area of the three major fishing grounds nearby
also shrank year by year, the currents were not smooth, and the fish and shrimp resources
declined [45]. The interviewees also mentioned that land reclamation and the construction
of artificial facilities have caused the disappearance of the tidal flats and the native common
fish and shellfish on the coast of the Jimei Peninsula (S1, S2, S3, S7, S8).

The western waters of the Jimei Peninsula are a nature reserve for the Chinese white
dolphin [13]. However, the habitats of Chinese white dolphins in the sea area overlap exten-
sively with economic development zones and shipping-intensive areas. The degradation
and loss of suitable shallow-sea habitats caused by reclamation and other projects have
caused the disappearance of Chinese white dolphin habitats [80].

As Xiamen is a pilot city of the United Nations, the governance of its coastal zone
must focus on the protection and use of marine resources [63,64,81–83]; for example,
the restoration of fishery resources and marine species [84]. However, the interviewees
said that the artificialization of the coastal zone has left organisms with no place to hide.
Although the water quality is gradually improving, the number of organisms has not
increased (S2). The ecological landscape of the Jimei Peninsula has declined due to the
prevalence of land reclamation, industry, and fish farming. However, the interviewees (S2,
S5, S6, S9) also pointed out that the government’s long-term control has shown signs of
easing the degradation trend of the ecological environment [85]. Whether it is an illusion
caused by environmental beautification or a true ecological restoration is an issue worthy
of continued observation.

3.2. Economic Benefits of Coastal-Zone Management and Tourism Services

In 1994, Xiamen became a demonstration site for coastal-zone governance in China. [71].
Xiamen’s GDP of that year was CNY 18.7 billion [86] and it grew to CNY 780.27 billion
in 2022 [87]. Most of this comes from cultural tourism (or tourism service industry) in-
come [88]. In 2006, the Jimei District’s GDP was CNY 14.274 billion, but by 2022 Jimei’s
GDP had grown to CNY 95.658 billion, with the service industry accounting for 49.1% [89].
Taking Ao Garden, the main scenic area in Jimei, as an example, the number of tourists
increased by 101.5% from 2012 to 2019. Although affected by the COVID-19 epidemic in
2020, the number of tourists in 2023 reached a new high [90–100]. According to recent data,
Xiamen has completed its transformation from a commercial port city to a tourist city, and
its tourism popularity index and tourist satisfaction have always ranked among the top in
China [101].

After the implementation of the CEP on the Jimei Peninsula, the coastal zone has
transformed from traditional fishery to tourism service industry [102]; among the sites,
“Shi Li Chang Di” and Dashe Fishing Village are the most representative.

In 1955, two seawalls were built to connect the Jimei Peninsula to the land on the east
and west sides, with a total length of 5032 m, collectively known as the “Xiamen Seawall”.
Half a century later, both seawalls have been transformed into cross-sea bridges connecting
the coast. The strip is nicknamed the “Shi Li Chang Di” and was promoted as a tourist
attraction by coastal-zone governance.

The “Shi Li Chang Di” was built around the Dragon King’s Palace pier site. It is one of
the most popular tourist attractions on the Jimei Peninsula. Now, the coastal zone has been
occupied by various consumer and leisure spaces (Figure 4 (left)). At present, the Dragon
King’s Palace pier has lost its original function of fishery production and transportation
and now serves to promote the economic development of the coastal zone in the form of a
tourist attraction [75]. The government manages the surrounding aquaculture facilities and
fishing boats [103]. There are only a few fishing boats left (S23).
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Figure 4. Space configuration of Shi Li Chang Di (left) and Coastal zone changes in Dashe Fishing
Village (right).

Dashe Fishing Village (Figure 4 (right)) was originally a fishing village near the sea.
Later, due to the reclamation and construction of Ao-Yuan Garden, the fishing village
became separated from the sea [104]. Dashe Fishing Village is the ancestral home of the Tan
Kah Kee clan. Therefore, with the help of the Jimei District Government and universities, it
has been transformed into a cultural and creative village that promotes Kah Kee’s spirit.
Now, various shops extend outwards from the Jimei Ancestral Hall. The fishing village
industry has been transformed into the tourism service industry. Currently, only one or
two households in Dashe are still engaged in fishery production (S5, S7).

3.3. Changes in Coastal Consumption Patterns

From 2010 to 2021, the Jimei Peninsula carried out reclamation and marketization of
sea area resources in the coastal zone, outsourcing sea area-use rights through bidding,
auctions, listings, etc. In 2021, regulations began to formally transform the coastline of
the Jimei Peninsula into a tourist and recreational area [32]. After decades of changes in
the coastal zone of the Jimei Peninsula, the consumption theme has changed from the
traditional agriculture and fishery economy to the tourism economy.

The ferry terminal next to Ao Garden is the main space for Dashe residents to cross to
Xiamen Island. Before the end of 2020, the area around the ferry was full of stalls selling fish
and processed local products, serving tourists and residents. However, at the end of 2020,
except for those selling local specialties in their own stores, all other vendors were asked
to leave. On the west side of the peninsula, the fish trading activity centered on Dragon
King’s Palace pier has disappeared, and the management of the “Shi Li Chang Di” has been
entrusted to outsourcing companies, for unified management [105]. Irregular events and
stalls are set up in response to tourists, as well as consumption activities including parking
lots, vendor markets, open-air concerts, retail stores, etc. There are often small vendors
gathering at the entrance (without paying stall fees) and on the left side of the entrance to
the “Shi Li Chang Di” stall spots (vendors here must pay stall fees to the venue manager),
mainly selling food and drinks. Bands of all sizes perform on the lawn of Shi Li Chang
Di; open-air concerts are mostly held online (Online fans reward tips.) and offline (free),
attracting many tourists. Tourists on the lawn can rent canopies from businesses to enjoy
the sea view (Supplementary Table S2).

The consumption behavior in the coastal zone is no longer purely physical buying
and selling behavior. More consumption comes from experiential services, such as renting
canopies and barbecue equipment, and renting charging equipment; another type of cloud
consumption is the benefit from Internet-celebrity live broadcasts. Take the bouquet sales
on the Jimei Peninsula as an example. The raw materials come from Kunming, Yunnan (the
largest fresh-cut flower trading market in Asia), which is 2000 km away. All procurement
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processes are cloud consumption (Douyin live broadcast room, Huawu app). There are
sales around the “Shi Li Chang Di”, and tourists come from all over the country.

The transformation of the coastal zone has resulted in the disappearance of space/resources,
such as salt farms, breeding ponds, and tidal flats. The coastal-zone space in the production land-
scape period was an open and wide area, but the characteristic of the consumption landscape is
the fragmentation of space due to consumption.

4. Discussion

4.1. The Embeddedness of Heterogeneous Spaces

Before 1920, the elements on the Jimei Peninsula were fishery production landscapes
for gathering, fishing, and hunting [106]. In the process of fishery development, various
fishing cultures emerged, mostly based on maritime safety and praying for smooth sailing at
sea [48]. For example, the Tianfei Palace (Mazu), which protects the living, and the Dragon
King Palace, which protects the dead, are major cultural landscape elements, respectively
protecting fishers who go to sea on the Jimei Peninsula and those who cannot return.

After 1920, education was embedded into the Jimei Peninsula, creating the intellectual
landscape of coastal-zone production technology. From 1949 to 1966, policy factors led to
the reclamation of the landscape, with the purpose of expanding the oyster production area.
Although this was the most significant land-use change on the peninsula, the landscape
essentially remained centered on fishery production. Among the changes, Ao Garden,
which was built on reclaimed land in 1960 [107], was integrated into the cultural landscape
of the Jimei Peninsula on the former site of Tianfei Palace. It was not until 1984 that the
government reclaimed the sea in order to expand the new urban area [44]. Thus, the nature
of the area that was originally focused on fishing began to change. Because the purpose of
the new space was to accommodate the growing population of the special economic zone,
the new urban area included residential areas and hotels ( 9©, 13©); it became a heteroge-
neous space with different fishery landscapes embedded in the governance landscapes.
Although land reclamation is a local or regional change, once it is linked to global issues it
may lead to effects in the socio-economic system [108,109].

The spatial location of the new urban area also separates the fishing village from the
sea. In 2006, due to the implementation of the CEP, a large number of fishers lost their
access to the sea, which also led to a change in the spatial layout of the fishing village. The
effect of the tourist city increased the demand for the service industry; due to loss of access
to the sea, fishers filled these professions. The old fishers who lost their livelihoods had to
rent out their houses to outsiders. The middle-aged people worked as security guards and
the women worked as cleaning staff [32]. The fishing village no longer relied on fishing,
but on sea-related consumer services instead.

Young tourists from various provinces in China and local fishermen have created a
parallel space–society relationship in the horizontal society of the coastal zone, just like the
heterogeneity of consumption and production in space [110]. On the other hand, the loss of
vertical intersection and transmission between groups is also a problem and a dilemma
that must be faced in the future.

There are heterogeneous elements embedded in the Jimei Peninsula, and they have
become part of coastal tourism products (Figure 5). Due to the shift caused by policies, the
fishing villages and fishing landscapes on the coast have become pure consumption spaces
after being separated from the sea.
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Figure 5. Spatial distribution map of heterogeneous landscapes.

4.2. Loss of Fishery Services

Post-structural geographer Murdoch [111], who focuses on heterogeneous spatial
combinations, proposed that one of the core features of post-structural geography is that
space and place are intersected by processes and operations originating from internal or
external factors. We may infer that the current Jimei Peninsula is also a post-structural
space. This is because, from a geographical perspective, the changes in land use have
caused the fragmentation of spaces, whether it is internally generated (such as Jimei School
Village) or due to outside factors (such as the Shi li Chang Di). Post-structural space may be
attractive in the context of globalization, but from the perspective of coastal zone protection,
the results are not optimistic.

After 2014, the attention on coastal zones shifted to humanistic aspects [112]; for
example, correlations between land use and socioeconomic changes along the Atlantic
coast have been used to assess ecosystem services. However, the results showed that land
use changes and income and population growth negatively affect ecosystem services [113].
This study, using the Jimei Peninsula in the Pacific as an example, also showed the continued
decline of cultural ecosystems after land-use changes. Fishing culture is the main axis
of the Jimei Peninsula’s cultural ecosystem services. The highly productive tidal flats
provide fishing villages with a stable food supply. The gods located on the east and west
coasts provide spiritual comfort for fishers who go to sea and their families at home. The
knowledge transfer of navigation technology also contributes to the conservation of marine
fishery resources. Of course, the proper provision of tourism and entertainment activities
can also effectively maintain the function of ecosystem services. However, if external
operations are too harmful, they may be counterproductive.

The tidal flats formed by the coastal currents in Zhejiang and Fujian are the basis of the
Jimei Peninsula ecosystem services. However, the policy-led spatial expansion was all in
response to managing the population growth. Although the spatial pressure was alleviated,
it still brought socioeconomic risks [108]. In addition to reducing the area of the tidal
flats, land reclamation also affected the productivity of the coastal zone. More importantly,
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the method of land reclamation affected the ecosystem service functions provided by the
coastal zone, which is mainly reflected in the blocking of the connection of the fishing
villages to the sea and the irreversibility of destroying natural nurseries and salt fields.
The economy of the coastal zone and the consumption power brought by tourism have
replaced the productivity of the tidal flats.

Hein, van Koppen [114] proposed that when fishery spaces are transformed into
leisure and entertainment spaces the scale of the ecosystem service space also changes
accordingly, diverging from the region to the country. However, on the Jimei Peninsula, a
by-product of the transformation from a production to a service industry is the disruption
to the fishery knowledge chain that had been passed down from generation to generation
within the fishing village. That is, the fishery knowledge that relies on observing tides,
wind directions, climate, astrology, and ocean currents, and acting according to the solar
signs, will be completely lost. The embeddedness of heterogeneous landscapes on the
Jimei Peninsula is the main cause of the spatial fragmentation of the coastal zone, and the
ecosystem services of the fishing culture are also lost with the changes in land uses.

However, changes in land use, increases in demand [113], and lengthening of time
scales [115], will lead to damage to ecosystem services. At present, the Jimei Peninsula
seems not to have considered the long-term impact of cultural and ecological loss on the
next generation. Even if the scale is different, there can be eco-economic practices, such as
on the UK’s coast [116], the Swedish coastal zone [117], Satoumi in Japan [118], and so on.
Multi-generational participation in sea activities can stabilize social relations and promote
the dialogue of experience and cultural inheritance [119]. Wilson, Acheson [120] pointed
out that after the environmental integration on a complex scale, those with environmental
knowledge can develop a strong social structure, and the traditional fishery economic
action is easier to continue. This study holds the view that the cooperation between coastal
zone and local residents is the best way to maintain cultural ecosystem services.

4.3. Commodity Chains, Circuits, and Networks

The productivity of the coastal zone involves shellfish harvesting on tidal flats; the
shellfish are sold as seafood for consumption. However, the commodity chain is limited by
time and transportation costs; thus, the producers are the fishers, and the consumers are
local residents.

The COVID-19 pandemic has affect coastal planning and management [121] all over
the world. The Jimei Peninsula was extremely depressed during the epidemic, and the resi-
dents near the coast now have increased demands for healthcare after the pandemic [122].
However, the coastal zone took advantage of the government’s strategic tourism promo-
tion to strengthen its tourism image after the pandemic. The heterogeneous landscape
embedded in the coastal zone brought in many outsiders. The scenery of the coastal zone
is a commodity; the outsourced management company used it and organized activities,
especially the purchase of “invisible goods” in the cloud, such as live-streaming rewards,
live-streaming goods, etc. However, every “moment” of consumption between consumers,
sellers, products, and origins forms a product circuit with no starting point and no end
point. These moments are mediated through different apps to create a product circuit in
the coastal zone. Everyone can follow the products and the different tourist experiences
through links. In this way, certain moments of prioritization in the flow of goods are
eliminated [36]; there is no end-consumer or production end, because every moment of
the product is connected to people’s activities in the coastal zone [123]. In recent years,
part of Fujian Provence coastal zone has been actively transformed into a tourism com-
plex [29,66,124]. The consumption circuit with the coast as the background is spreading in
China. For example, the fishing village of Xunpu, which is two hours’ drive from Xiamen,
connects each consumption moment with a trip shoot (a trip with a photographer), which
collages the image of “a girl who is a daily fisher” [125], and transforms the fishing village
into a space dominated by consumption.
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Bouquets are a luxury product. Behind the product is a product network constructed
by retailers [36]. In the Jimei Peninsula coastal zone there are a large number of bouquet
vendors, and business is booming. It is also the only product that can be seen carried by
consumers, and is widely disseminated as images by social apps. Its luxury characteristics
are very different from the original landscape characteristics of the coastal zone, such as
production, culture, navigation, and ecology. The consumption landscape represented by
bouquet retail is a blooming flower grafted onto the transformation of the coastal-zone-
governance landscape. The spatial embeddedness of luxury goods symbolizes the complete
qualitative change in the coastal zone towards a consumption landscape.

This is the cumulative effect of the CEP and tourist cities. In the long run, the con-
sumption pattern formed after the transformation of the coastal zone will prove to be more
influential on urban development.

4.4. The Changing Nature of the Coastal Zone

In the 19th century, the coastal zone provided happiness and health to humans, with
its value surpassing its economic output [125]. Therefore, since the 19th century, the coastal
zone has seemingly become synonymous with holidays and leisure.

Since 1994, to adapt to the needs of the governance of the western sea area and the
development of tourism, the Jimei Peninsula has used the CEP to promote the peninsula’s
function as more consumer-oriented, thereby realizing the transformation of the urban
economy. The urgency of coastal-space governance has attracted governance, power, and
mobile capital, as well as flowing capital; this move is no different from the city of Paris’
use of urban renewal to increase the flow of people and money in the consumer space [126].
The coast of contemporary China is similar to the Paris Avenue, becoming an important
public display center and promoting the circulation of goods, money, and people. The
transformation of governance caused the coastal landscape to become like merchandise in
a department store window.

This study found that the governance landscape in the coastal zone is the key to
transforming consumption practices. Luxury consumption appeared through the promo-
tion of social apps, connecting all moments of cloud consumption and creating another
invisible environment. In addition, in the process of landscape construction, the control of
coastal tourism landscapes still needs to be discussed, because all forms of production and
consumption are remotely governed, incorporated, and disciplined based on performance,
and extending the possibility of consumption politics, which is another possible direction
for discussion.

5. Conclusions

This study identified the heterogeneous elements and their effects on the functional
changes in the Jimei Peninsula’s coastal zone through time and space and explored the
changing patterns of the coastal zone under rapid economic development. The results
showed that the Jimei coastal zone has transformed its functions following the needs of
urban development, and the embeddedness of heterogeneous spaces has fragmented the
coastal landscape. Tourism-oriented governance of the landscape is a radical approach that
breaks with the past. The transformation of coastal-zone functions has led to the loss of
traditional fishery knowledge and skills, along with the disintegration of its related cultural
ecosystem services. Coastal -one consumption has developed from a short and narrow
commodity chain into a commodity network shaped by moments. This invisible network
is the nature of the coastal-zone-consumption landscape. The transformation model of
fishing villages in the southeastern coastal areas of China can use the case of the Jimei
Peninsula as a reference.

The Jimei Peninsula belongs to the Xiamen Special Economic Zone, and its coastal-zone
governance and economic transformation have important significance for other coastal
areas. The results of this study can encourage local governments to respect ecology and
culture while carrying out economic construction and give priority to protecting the coastal
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ecosystem to develop a healthy blue economy. Although we collected as many documents
as we could and used triangulation to confirm the correctness of the data, this study was still
limited by a lack of cultural and historical materials and the loss of first-hand knowledge
due to aging. For example, the spatial structure of the Jimei Peninsula still needs more
documents for more precise spatial localization. In addition, whether the transformation of
the Dashe settlement into a cultural and creative settlement in recent years will promote the
revival of fishery literature and art is a topic worthy of continued attention in the future.
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1. Fagan, B. Fishing: How the Sea Fed Civilization; Gūsa Press, Walkers Cultural Enterprise, Ltd.: New Taipei City, Taiwan, 2022.
2. Oppenheimer, M. Climate change and environmental pollution: Physical and biological interactions. Clim. Chang. 1989, 15, 255–270.

[CrossRef]
3. Holligan, P.; Reiners, W. Predicting the responses of the coastal zone to global change. In Advances in Ecological Research; Elsevier:

Amsterdam, The Netherlands, 1992; Volume 22, pp. 211–255.
4. Li, Z.; Luan, W.; Zhang, Z.; Su, M. Research on the Interactive Relationship of Spatial Expansion between Estuarine and Coastal

Port Cities. Land 2023, 12, 371. [CrossRef]
5. Yu, H. China’s coastal ocean uses: Conflicts and impacts. Ocean. Coast. Manag. 1994, 25, 161–178. [CrossRef]
6. Wang, Y. Coastal management in China. Ocean. Manag. Glob. Chang. 2003, 469.
7. SOA. Report of Marine Environmental Quality in China; State Oceanic Administration: Beijing, China, 2006.
8. Mingjiang, Z.; Mingyuan, Z.; Jing, Z. Status of harmful algal blooms and related research activities in China. Chin. Bull. Life Sci.

2001, 13, 54–59.3.
9. Suo, A.; Guan, D.; Sun, Y.; Lin, Y.; Zhang, M. Advances in coastal landscape ecology and its role in the construction of marine

ecological civilization. Acta Ecol. Sin. 2016, 36, 3167–3175.
10. Hou, X.; Liu, J.; Song, Y.; Li, X. Environmental-ecological effect of development and utilization of China’s coastline and policy

recommendations. Bull. Chin. Acad. Sci. 2016, 31, 1143–1150.
11. Du, P.; Hou, X.; Xu, H. Dynamic Expansion of Urban Land in China’s Coastal Zone since 2000. Remote Sens. 2022, 14, 916. [CrossRef]
12. Zong, S.; Hu, Y.; Zhang, Y.; Wang, W. Identification of land use conflicts in China’s coastal zones: From the perspective of

ecological security. Ocean. Coast. Manag. 2021, 213, 105841. [CrossRef]
13. Zou, S.; Xie, S.; Yang, Y. Encyclopedia Geography of China—Xiamen Peninsula; World Book Publishing Guangdong Co., Ltd.:

Guangzhou, China, 2016; pp. 4–5.

143



Water 2024, 16, 913

14. Li, Y.; Sun, Y.; Li, J. Heterogeneous effects of climate change and human activities on annual landscape change in coastal cities of
mainland China. Ecol. Indic. 2021, 125, 107561. [CrossRef]

15. Bao, J.; Wu, D.-T. Space, Scale and System: A Geographical Study of China’s Land and Sea Coordinated Development Strategy; Southeast
University Press: Nanjing, China, 2016.

16. Lin, X.-H.; Peng, X.; Li, X.-J. Research on the characteristics of my country’s coastal zone economic development under the new
situation. Mar. Econ. 2019, 9, 12–19.

17. Huang, L.-H.; Jiang, Y.; Lin, C.; Li, T.-W.; Chen, F.; Wang, W.-Y. Research on the coupling coordination relationship between
Xiamen Port development and coastal eco-nvironment evolution. Environ. Pollut. Prev. 2020, 42, 890–893, 900.

18. Wang, L.-B. Investigation of the Social and Cultural Changes of Sea Island Fishing Villages—A Case Study on Dayian Island
Fishing Village. In The Sixth Postgraduate Symposium of the School of Ethnology and Sociology, Minzu University of China; Minzu
University of China: Beijing, China, 2012; pp. 89–96.

19. Dai, Z.; Zhang, H.; Zhou, Q.; Tian, Y.; Chen, T.; Tu, C.; Fu, C.; Luo, Y. Occurrence of microplastics in the water column and sediment
in an inland sea affected by intensive anthropogenic activities. Environ. Pollut. 2018, 242, 1557–1565. [CrossRef] [PubMed]

20. Wang, T.; Hu, M.; Song, L.; Yu, J.; Liu, R.; Wang, S.; Wang, Z.; Sokolova, I.M.; Huang, W.; Wang, Y. Coastal zone use influences the
spatial distribution of microplastics in Hangzhou Bay, China. Environ. Pollut. 2020, 266, 115137. [CrossRef] [PubMed]

21. Xue, X.-Z.; Hong, H.-S.; Charles, A.T. Cumulative environmental impacts and integrated coastal management: The case of
Xiamen, China. J. Environ. Manag. 2004, 71, 271–283. [CrossRef]

22. Xiamen Ocean and Fisheries Bureau. Flying on the Waves: Oral Records of Key Figures in the Twenty Years of Xiamen Coastal Zone
Integrated Management from 1996 to 2016; Xiamen University Press: Xiamen, China, 2018.

23. Nield, R. China’s Foreign Places: The Foreign Presence in China in the Treaty Port Era, 1840–1943; Hong Kong University Press: Hong
Kong, China, 2015.

24. Bracken, G. Treaty Ports in China: Their Genesis, Development, and Influence. J. Urban Hist. 2019, 45, 168–176. [CrossRef]
25. Compiled by the Compilation Committee of "China’s Island Annals" Annals of China’s Islands, Southern Coast of Fujian, Fujian Volume 3;

Ocean Press: Beijing, China, 2014; p. 788.
26. Compiled by Xiamen Ocean and Fisheries Bureau. Proceedings of the Xiamen Marine Economic Development Strategy and Marine

Environmental Protection Seminar; Ocean Press: Beijing, China, 2006; p. 298.
27. Central People’s Government of the People’s Republic of China. Reply of the State Council on the Overall Urban Planning of Xiamen

City; State Council, Ed.; State Council: Beijing, China, 2000.
28. Wen, Z. China’s domestic tourism: Impetus, development and trends. Tour. Manag. 1997, 18, 565–571. [CrossRef]
29. Gu, M.; Wong, P.P. Coastal zone management focusing on coastal tourism in a transitional period of China. Ocean. Coast. Manag.

2008, 51, 1–24. [CrossRef]
30. Mansvelt, J. Geographies of Consumption; SAGE Publications Ltd.: London, UK, 2005.
31. Zhang, Y.-Y.; Zou, Z.; Tsai, S.-C. From Fishing Village to Jimei School Village: Spatial Evolution of Human Ecology. Int. J. Environ.

Sustain. Prot. 2022, 2, 33–43. [CrossRef]
32. Zou, Z.; Zhang, Y.-Y.; Lee, S.-H.; Tsai, S.-C. The Transformation of Coastal Governance, from Human Ecology to Local State, in the

Jimei Peninsula, Xiamen, China. Water 2023, 15, 2659. [CrossRef]
33. Liu, Y. 2021 China Consumer Report: Changes in Lifestyle Consumption; Mazars: Hong Kong, China, 2021.
34. Miller, D. Material Culture and Mass Consumerism; John Wiley & Sons: Hoboken, NJ, USA, 1997.
35. Hughes, A. Retailers, knowledges and changing commodity networks: The case of the cut flower trade. Geoforum 2000, 31, 175–190.

[CrossRef]
36. Tsai, S. Theory on Adaptive Mode and Creative Destruction under the Shift-Reset: A Case Study of Water Distribution in Pingtung Plain;

National Taiwan Normal University: Taipei, Taiwan, 2020.
37. Tsai, S.; Zou, Z.; Chu, T. (Eds.) On the Post-Structure Geography Perspective of Regional Integration: A Case Study of Water

Distribution in Pingtung Plain, Taiwan. In Proceedings of the 2021 IEEE 3rd International Conference on Architecture, Construction,
Environment and Hydraulics (ICACEH), Miaoli County, Taiwan, 24–26 December 2021; IEEE Xplore: New York, NY, USA, 2021.

38. Deleuze, G.; Guattari, F. Capitalisme et Schizophrenie 2. Mille Plateaux; Shanghai Bookstore Press: Shanghai, China, 2010.
39. Sun, J.-Q. Xiamen Jimei District Chronicle; Zhonghua Bookstore: Beijing, China, 2013.
40. China Geography Encyclopedia Series Editorial Committee China Encyclopedia Geography-Xiamen Peninsula 2016; World Book Publishing

Company, Nanfang Daily Publishing House: Guangzhou, China, 2016.
41. Wang, C.; Guo, X.-F.; Fang, J.; Li, Q.-S. Characteristics of seasonal spatial expansion of Fujian and Zhejiang Coastal Current and

their bay effects. J. Appl. Oceanogr. 2018, 37, 1–8.
42. Xiamen Jimei District Culture and Tourism Bureau. Jimei Humanistic Customs: Southern Fujian Cultural Style; Xiamen University

Publishing House: Xiamen, China, 2019; p. 312.
43. Chief Editor of Jimei School Secretariat. Jimei Weekly; National Library Document Microform Reproduction Center: Xiamen, China, 2006.
44. Compiled by Xiamen Jimei District Chronicles and Local Chronicles Compilation Committee. Local Chronicles of the People’s

Republic of China, Fujian Chronicles, Xiamen Jimei District Chronicles; Zhonghua Book Company: Beijing, China, 2013; p. 867.
45. Compiled by Xiamen Local Compilation Committee. Xiamen City Annals Volume 3; Fangzhi Publishing House: Beijing, China, 2004;

p. 2353.
46. Mengsou, Z. Brief History of Jimei; Unpublished: Xiamen, China, 2002.

144



Water 2024, 16, 913

47. Editor-in-Chief Jiang Fuyuan; Editorial Committee of “Xiamen Traffic Chronicle”. Xiamen Traffic Chronicle; People’s Communica-
tions Press: Beijing, China, 1989; p. 359.

48. Zhifeng, L. Survey on Cultural Heritage Resources of Traditional Agricultural, Forestry and Fishery Production Customs in Fujian and
Taiwan; Xiamen University Publishing House: Xiamen, China, 2014; p. 315.

49. Zhuan, M. A Brief History of Jimei. Unpublished: Xiamen, China, 2000.
50. Jiaqing, S. Records of Jimei District, Xiamen City; Records of Jimei District: Xiamen, China, 2013.
51. Jimei District of Xiamen City People’s Government Physical Geography Xiamen: Jimei District of Xiamen City People’s Govern-

ment. 2023. Available online: http://www.jimei.gov.cn/F566/qqgk/zrdl/ (accessed on 21 December 2023).
52. Jitang, W. Time Adds Value in Jimei—Old Photos; Xiamen University: Xiamen, China, 2017; p. 452.
53. Juexiang, C. Jimei History; Qiaoguang Printing Company Limited: Yueqing, China, 1963; p. 168.
54. Fusheng, C. Xiamen Fishermen Customs; Lujiang Publishing House: Xiamen, China, 2013.
55. Jimei District People’s Government Biography of Tan Kah Kee Xiamen: Jimei District People’s Government. 2023. Available

online: http://www.jimei.gov.cn/F566/F567/rwls/rw/201602/t20160205_313315.htm (accessed on 22 December 2023).
56. Risheng, Z. Jimei School’s 80-Year History; the Compilation Team of “Jimei School’s 80-year History”; Lujiang Publishing House:

Xiamen, China, 1993; p. 363.
57. Xiamen Jimei District Culture and Tourism Bureau. Jimei Humanities and Strong Culture in the Village; Xiamen University Publishing

House: Xiamen, China, 2019; p. 179.
58. Gaoshu, Z. Jimei; Central Documentation Publishing House: Beijing, China, 2005; p. 600.
59. Zheng Daxian, T.X. Research on Ecological Function Zoning in Fujian Province; China Environmental Science Press: Beijing, China, 2007;

p. 332.
60. Shaojian, H. Changes in Xiamen’s Sea Areas: Huge Changes in Our Home; Xiamen Evening News: Xiamen, China, 2014.
61. Luoping, Z. Digital Modeling and Environmental Research on the Bay in Fujian Province Xiamen Bay; Ocean Publishing Company:

Beijing, China, 2009; p. 215.
62. Islam, K.S. Looking at the Prospects of ICZM Implementation in Bangladesh from the Successful ICZM Model of Developing

Countries (Xiamen Model, China). Master’s Thesis, Xiamen University, Xiamen, China, 2009.
63. Mingding, Z. A Study on the Population Ecology of the Chinese White Dolphin in Xiamen Bay. Master’s Thesis, The Third Ocean

Research Institute of the Ministry of Natural Resources, Xiamen, China, 2021.
64. Weiqi, C.; Yan, L.; Huasheng, H.; Xiaofeng, H. Evaluation of tourism and entertainment value on the east coast of Xiamen Island.

J. Xiamen Univ. Nat. Sci. Ed. 2001, 4, 914–921.
65. Fujian Provincial Ocean and Fisheries Bureau. Xiamen: Vigorously Crack Down on Illegal Fishing and Seize 27 Illegal Boats.

2019. Available online: http://hyyyj.fujian.gov.cn/xxgk/hydt/jcdt/201911/t20191115_5098410.htm (accessed on 28 May 2023).
66. Mengshi, H. Research on the Regulation of Urban Construction Land in Harbin from the Perspective of Stock Planning. Ph.D.

Thesis, Harbin Institute of Technology, Harbin, China, 2020.
67. Qinhua, F. Research on Coastal Zone Strategic Environmental Assessment Based on Ecosystem Management Theory. Master’s

Thesis, Xiamen University, Xiamen, China, 2006.
68. Wang, H.; Zou, Z.; Tsai, S.-C. Exploring Environmental Restoration and Psychological Healing from Perspective of Resilience: A

Case Study of Xinglin Bay Landscape Belt in Xiamen, China. Int. J. Environ. Sustain. Prot. 2022, 2, 44–54. [CrossRef]
69. Huasheng, H.X.X. A Review of Ten Years of Comprehensive Coastal Zone Management in Xiamen; Xiamen University Publishing House:

Xiamen, China, 2006; p. 126.
70. Net, X. This Coastline of Xiamen is Going to Be “Beautiful”! Construction of the Sea Walk/Camping Beach Xiaman: Xiaman

House. 2021. Available online: http://news.xmhouse.com/bd/202106/t20210609_724576.htm (accessed on 28 February 2024).
71. Headline, T. Jimei Romantic Coastline 2022. Available online: https://www.toutiao.com/article/7061823966238966272/?source=

seo_tt_juhe (accessed on 8 January 2024).
72. Television XRa. 3.1km! Jimei Maritime Ecological Landscape Corridor is about to open!Sina 23 May 2023.
73. People Net. Let Traditional Folk Culture Help Light Up the Night Economy Xiamen’s Thousand-Year-Old Jimei Temple Is

Transformed into a Creative Market: People Net. 2023. Available online: http://fj.people.com.cn/BIG5/n2/2023/0828/c181466-
40548421.html (accessed on 21 December 2023).

74. Bai, Q.; Chen, J.; Chen, Z.; Dong, G.; Dong, J.; Dong, W.; Fu, V.W.K.; Han, Y.; Lu, G.; China Coastal Waterbird Census Group;
et al. Identification of coastal wetlands of international importance for waterbirds: A review of China Coastal Waterbird Surveys
2005–2013. Avian Res. 2015, 6, 12. [CrossRef]

75. Kan, Z.; Chen, B.; Yu, W.; Chen, G.; Ma, Z.; Hu, W.; Liao, J.; Du, H. Forecasting land-cover change effects on waterbirds in Xiamen
Bay, China: Determining prospective species winners and losers. Mar. Environ. Res. 2023, 188, 106003. [CrossRef] [PubMed]

76. You, T.-F.; Chen, X.-Y.; Lin, J.-X.; Ye, Q.-T. Investigation on nekton resources of spring in the west sea areas of Xiamen. J. Fish. Res.
2016, 38, 386–393.

77. Ma, C.; Liu, Y.; Zhuang, Z.-D.; Xu, C.-Y.; Shen, C.-C.; Tsai, J.-D. Analysis on the resource status and change reason of Branchiostoma
balcheri in Xiamen Amphioxus Natural Reserve. J. Fish. Res. 2022, 44, 44–51. [CrossRef]

78. Editor-in-Chief such as Zeng Chengkui and others. China Ocean Record; Editorial Committee of “China Ocean Record”, Ed.;
Elephant Publishing House: Zhengzhou, China, 2003; p. 1320.

145



Water 2024, 16, 913

79. Bennett, N.J. In Political Seas: Engaging with Political Ecology in the Ocean and Coastal Environment. Coast. Manag. 2019, 47, 67–87.
[CrossRef]

80. Mokhtar, M.B.; Ghani Aziz, S.A.B.A. Integrated coastal zone management using the ecosystems approach, some perspectives in
Malaysia. Ocean. Coast. Manag. 2003, 46, 407–419. [CrossRef]

81. Gamarra, N.; Costa, A.; Ferreira, M.; Diele-Viegas, L.; Santos, A.; Ladle, R.; Malhado, A.; Campos-Silva, J. The contribution of
fishing to human well-being in Brazilian coastal communities. Mar. Policy 2023, 150, 105521. [CrossRef]

82. Huang, L.-M.; Wang, J.-Q.; Shih, Y.-J.; Li, J.; Chu, T.-J. Revealing the Effectiveness of Fisheries Policy: A Biological Observation of
Species Johnius belengerii in Xiamen Bay. J. Mar. Sci. Eng. 2022, 10, 732. [CrossRef]

83. Yongxun, W.; Yafei, W.; Jingwen, Z.; Qiang, W. Coastal zone use transformation and its ecological and environmental
effects—Taking Fujian coastal zone as an example. J. Environ. Sci. 2021, 41, 3927–3937. [CrossRef]

84. Fujian Provincial Bureau of Statistics. GDP of Xiamen City 2022. Available online: https://gdp.gotohui.com/show-181727
(accessed on 19 February 2024).

85. Shanshan, Y.; Liming, L. Xiamen’s GDP Growth rate LAST Year Ranked First among 15 Similar Cities. 2023. [CrossRef]
86. Rongchang, L. Research on Regional Tourism Industry Agglomeration Measurement and Economic Effects. Master’s Thesis,

Xiamen University, Xiamen, China, 2020.
87. Jimei District Statistics Bureau. Jimei District 2022 National Economic and Social Development Statistical Bulletin; Jimei District

Statistics Bureau: Xiamen, China, 2023.
88. Xiamen Jimei District Statistics Bureau. Statistical Yearbook of Jimei District, Xiamen City; Liren Color Printing Company Limited of

Fuzhou: Fuzhou, China, 2022.
89. Xiamen Jimei District Statistics Bureau. Statistical Yearbook of Jimei District, Xiamen City; Liren Color Printing Company Limited of

Fuzhou: Fuzhou, China, 2023.
90. Xiamen Jimei District Statistics Bureau; Xiamen Jimei District Development and Reform Bureau. Statistical Yearbook of Jimei

District, Xiamen City; Huisheng Printing Company Limited of Zhangzhou City: Zhangzhou, China, 2013.
91. Xiamen Jimei District Statistics Bureau. Statistical Yearbook of Jimei District, Xiamen City; Huisheng Printing Company Limited of

Zhangzhou City: Zhangzhou, China, 2019.
92. Xiamen Jimei District Statistics Bureau. Statistical Yearbook of Jimei District, Xiamen City; Huisheng Printing Company Limited of

Zhangzhou City: Zhangzhou, China, 2020.
93. Xiamen Jimei District Statistics Bureau. Statistical Yearbook of Jimei District, Xiamen City; Huisheng Printing Company Limited of

Zhangzhou City: Zhangzhou, China, 2021.
94. Xiamen Jimei District Statistics Bureau; Xiamen Jimei District Development and Reform Bureau. Statistical Yearbook of Jimei

District, Xiamen City; Huisheng Printing Company Limited of Zhangzhou City: Zhangzhou, China, 2014.
95. Xiamen Jimei District Statistics Bureau; Xiamen Jimei District Development and Reform Bureau. Statistical Yearbook of Jimei

District, Xiamen City; Huisheng Printing Company Limited of Zhangzhou City: Zhangzhou, China, 2015.
96. Xiamen Jimei District Statistics Bureau; Xiamen Jimei District Development and Reform Bureau. Statistical Yearbook of Jimei

District, Xiamen City; Huisheng Printing Company Limited of Zhangzhou City: Zhangzhou, China, 2017.
97. Xiamen Jimei District Statistics Bureau; Xiamen Jimei District Development and Reform Bureau. Statistical Yearbook of Jimei

District, Xiamen City; Huisheng Printing Company Limited of Zhangzhou City: Zhangzhou, China, 2018.
98. Xiamen Jimei District Statistics Bureau; Xiamen Jimei District Development and Reform Bureau. Statistical Yearbook of Jimei

District, Xiamen City; Huisheng Printing Company Limited of Zhangzhou City: Zhangzhou, China, 2016.
99. Wenjing, S.; Tong, X.C.X.; Wanhong, C.; Buren, H.; Zifeng, Z. History of the Development of Fujian Merchants, Xiamen Volume;

Xiamen University Publishing House: Xiamen, China, 2016; p. 345.
100. Compiled by Xiamen Jimei District Caring for the Next Generation Working Committee. Jimei’s Yesterday, Today and Tomorrow;

Compiled by Xiamen Jimei District Caring for the Next Generation Working Committee: Xiamen, China, 2009.
101. Chinese People’s Political Consultative Conference. Jimei Literature and History Materials Volume 18; Chinese People’s Political

Consultative Conference: Xiamen, China, 2015; p. 193.
102. Xiamen Municipal Party Committee Party History Research Office; Jimei School Committee; Alumni Association Editor of Jimei.

Tan Kah Kee and Jimei School Village; Printing Factory of Jimei: Xiamen, China, 1994; p. 29.
103. Su, H. From Chaos to Governance, from Governance to Beauty, and from Beauty to Diversion. Why Is the “Shi Li Chang Di” in

Jimei, Xiamen, so Prominent?: People Net. 2023. Available online: http://fj.people.com.cn/n2/2023/0705/c181466-40482227
.html (accessed on 18 January 2024).

104. Editorial Board of “Fujian Fishery History” FFS (Ed.) Fujian Fishery History; Fujian Science and Technology Press: Fuzhou, China,
1988; p. 466.

105. Maoyi, L.C.S.; Guoliang, C. Jimei School Village; Cultural Relics Publishing House: Beijing, China, 1984; p. 30.
106. Xu, L.; Ding, S.; Nitivattananon, V.; Tang, J. Long-Term Dynamic of Land Reclamation and Its Impact on Coastal Flooding: A

Case Study in Xiamen, China. Land 2021, 10, 866. [CrossRef]
107. Cai, R.; Liu, K.; Tan, H.; Yan, X. Climate change and China’s coastal zones and seas: Impacts, risks, and adaptation. Chin. J. Popul.

Resour. Environ. 2021, 19, 304–310. [CrossRef]
108. Crang, P. Displacement, Consumption, and Identity. Environ. Plan. A Econ. Space 1996, 28, 47–67. [CrossRef]
109. Murdoch, J. Post-Structuralist Geography-Aguide to Lelational Space; SAGE Publications Ltd.: London, UK, 2006.

146



Water 2024, 16, 913

110. Ramesh, R.; Chen, Z.; Cummins, V.; Day, J.; D’elia, C.; Dennison, B.; Forbes, D.; Glaeser, B.; Glaser, M.; Glavovic, B.; et al.
Land–Ocean Interactions in the Coastal Zone: Past, present & future. Anthropocene 2015, 12, 85–98. [CrossRef]

111. Magalhaes Filho, L.; Roebeling, P.; Villasante, S.; Bastos, M.I. Ecosystem services values and changes across the Atlantic coastal
zone: Considerations and implications. Mar. Policy 2022, 145, 105265. [CrossRef]

112. Hein, L.; van Koppen, K.; de Groot, R.S.; van Ierland, E.C. Spatial scales, stakeholders and the valuation of ecosystem services.
Ecol. Econ. 2006, 57, 209–228. [CrossRef]

113. Fu, B.; Zhang, L. Land-use change and ecosystem services: Concepts, methods and progress. Prog. Geogr. 2014, 33, 441–446. [CrossRef]
114. Turner, R.K.; Lorenzoni, I.; Beaumont, N.; Bateman, I.J.; Langford, I.H.; McDonald, A.L. Coastal management for sustainable

development: Analysing environmental and socio-economic changes on the UK coast. Geogr. J. 1998, 164, 269–281. [CrossRef]
115. Söderqvist, T.; Eggert, H.; Olsson, B.; Soutukorva, Å. Economic valuation for sustainable development in the Swedish coastal

zone. AMBIO J. Hum. Environ. 2005, 34, 169–175. [CrossRef]
116. Uehara, T.; Mineo, K. Regional sustainability assessment framework for integrated coastal zone management: Satoumi, ecosystem

services approach, and inclusive wealth. Ecol. Indic. 2017, 73, 716–725. [CrossRef]
117. Watanabe, T. Create the Caspian Sea with the Participation of Generations; FujiGreenLetter: Japan, 2020; pp. 20–22.
118. Wilson, J.A.; Acheson, J.M.; Johnson, T.R. The cost of useful knowledge and collective action in three fisheries. Ecol. Econ. 2013,

96, 165–172. [CrossRef]
119. Milanes, C.B.; Montero, O.P.; Cabrera, J.A.; Cuker, B. Recommendations for coastal planning and beach management in Caribbean

insular states during and after the COVID-19 pandemic. Ocean. Coast. Manag. 2021, 208, 105575. [CrossRef] [PubMed]
120. Tsai, S.-C.; Wang, H.; Lee, S.-H.; Zou, Z. Cognition and Interaction: From the Perspective of Daily Therapeutic Landscape of the

Coastal Zone. Behav. Sci. 2023, 13, 794. [CrossRef]
121. Du Gay, P. Production of Culture/Cultures of Production; Sage: London, UK, 1997.
122. Ma, Y.; Zheng, W. Research on the Development of East China Sea Coastal Tourism Complex in Quanzhou Central City.

J. Mudanjiang Univ. 2013, 22, 106–108. [CrossRef]
123. Chan, V.; Yan, L.; Huasheng, H.; Xiaofeng, H. Evaluation of Tourism and Entertainment Value on the East Coast of Xiamen Island.

J. Xiamen Univ. Nat. Sci. Ed. 2001, 4, 914–921.
124. Wang, D.; Zhu, L. “Being a fisher girl for a day”: How to construct collective imagination by short video punching—A field trip

to a topic in online celebrity. Media Obs. 2024, 2, 45–54. [CrossRef]
125. Tuan, Y.-F. Topophilia: A Study of Environmental Perception, Attitudes, and Values; The Commercial Press: Beijing, China, 2018.
126. Harvey, D. Paris, Capital of Modernity; Socio Publishing: Taipei, Taiwan, 2007.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

147



water

Article

The Spatial and Governance Dilemma of Small and
Medium-Sized Italian Ports (SMPs): Maritime Spatial Planning
(MSP) as a Potential Response

Fabio Carella 1,*, Paolo De Martino 1,2, Folco Soffietti 1, Vittore Negretto 1 and Francesco Musco 1

1 Department of Architecture and Arts, Università Iuav di Venezia, 30135 Venezia, Italy;
pdemartino@iuav.it (P.D.M.); fsoffietti@iuav.it (F.S.); vnegretto@iuav.it (V.N.)

2 Department of Architecture, Delft University of Technology, 2628 CD Delft, The Netherlands
* Correspondence: fcarella@iuav.it

Abstract: The Italian coast has about 700 ports, which are different in typology, dimension, role,
and ownership. Historically, this has led to the significant fragmentation of governance and space
and a lack of cooperation that ports and cities still experience today. Among all ports, small and
medium-sized ports (SMPs), such as marinas, small touristic harbors, and moorings, are the most
affected. Unlike the main ports, where spatial and strategic regulation planning fall under the port
authority’s responsibilities, SMPs are a combination of public and private management and are,
therefore, excluded from national and regional planning and larger strategies. Improving SMPs’
cooperation at the regional level can drive more effective sustainable management among related
activities (tourism and the fishing sector) and reduce pressures on the land–sea interaction (LSI). In
filling the gaps, this article challenges the existing legal framework, planning tools, approaches, and
initiatives and may pave the way to establishing a better-integrated national governance for SMPs.
In conclusion, this paper identifies two main opportunities that can support the steady establishment
of governance and the systematic harmonized development of these SMPs. The first one is offered by
maritime spatial planning (MSP) as a strategic and legal tool whereby SMPs are recognized and, if
financially supported, could find incentives and measures for their development. The second one is
through European projects, programs, and initiatives such as Framesport as drivers in establishing a
common ground among public and private interests and as a cooperation engine at a local scale.

Keywords: maritime spatial planning; governance; small and medium-sized ports; land–sea
interaction; common-ground strategy

1. The Premise: Small Ports’ Challenges

Worldwide, ports are under pressure due to challenges related to infrastructure,
global trade, production capacity, financing, regulation compliance, safety and security,
sustainability, digitalization, and a lack of community support [1–4]. Ports are fascinating
transitional landscapes, gateways through which people and cultures move [5–7]. The
largest part of the world economy travels through ports, making them key players in the
global production and supply chains that we today depend on. They connect people and
provide opportunities for them to thrive [8]. On the one hand, a port, by definition, is a
contact area with liminal space that provides a safe environment for ships. On the other,
it is a space of conflict, especially when it comes to designing the relationship between
coastal and sea uses [9–11]. They are threshold spaces where solid and liquid mix, where
large-scale economies meet urban palimpsest, and where the city takes on a landscape
connotation [12,13]. However, ports are also controversial by nature, as they are the
epicenters of contemporary challenges, from extreme weather conditions to demographic
and social pressures [5].
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These global challenges do not only concern large ports. SMPs are also affected by
global events. Massive tourism is putting pressure on ports and cities, triggering new
strategies on both local and regional scales that aim to generate new services and attractions
for people and companies [14].

These maritime challenges, however, can be used as opportunities as long as the ports
and communities around them remain open to change, stemming from the green and digital
transformation taking place in the maritime and shipping industry. In large ports, it seems
difficult to achieve a sustainable transition due to the strong path dependencies between
energy and global economies [15–17]. Meanwhile, SMPs are interesting laboratories that
promote economic, social, cultural, and environmental innovations with the potential to
lead a sustainable transition [18,19].

All scales are interrelated, and strategies at the regional and local levels must also take
into consideration the broader macro-objectives and strategies established by the European
Union, such as the European Green Deal, the Circular Economy, and the recent Repower
EU plan, to rapidly reduce the impacts on the coast and in the marine environment [20–22].

As pointed out by several scholars, while larger ports can profit from a plurality of
initiatives related to sustainability, smaller ports’ systematic sustainability management is
still lacking or very rare [4,18]. Looking at the economic dimension of ports, the current
fragmented situation linked to the volatile economic demands can offer new opportunities
for small and medium-sized ports [18]. Although these are often very responsive in dealing
with supply chain dynamics and related logistics systems, SMPs’ lack of governance makes
their responsiveness not as effective [18].

Therefore, this contribution argues that while major ports are hard to change due
to their dependencies on global-scale phenomena, small ports can be catalysts for more
sustainable development at local-scale interventions, but there is a need to establish a new
governance model [19].

Among the various critical issues affecting ports, the governance modality is par-
ticularly relevant in small Italian ports. Unlike the main ports, there is a lower capacity
for integrated management and a lack of coordination. Moreover, these issues reflect
the territorial planning dimension, especially in the urban regulatory plans and policies
ranging between different administrative levels [19]. The port authorities are responsible
for the main ports’ regulation and spatial and strategic planning and are consequently also
in charge of Maritime State Property, the drafting of port plans, and the implementation
of inter-port coordination strategies. On the other hand, minor ports have very different
characteristics [23]. A mixture of public and private management often coexists in adjacent
spaces, generating a set of conflicts and criticalities for which management responsibility
is not clear. Furthermore, the definition of a strategic coordination framework can also
interfere with local governance issues typical of many small ports. While major ports are
on public property and entrusted to public actors’ management (or in consortia with the
public), the smaller realities, although also on public property, are entrusted (or rather
granted) to private actors. The substantial difference between these management models is
that the first seeks growth and collective economic stability, while the second, instead, is
based on the principle of entrepreneurship and business and is, therefore, oriented to the
maximum profit achievement at the expense—often—of the collective interest [11,18,19].

In framing the meaning of SMPs, this article investigates the following questions:
where and how are SMPs considered or included in the legal framework at the Euro-
pean and national levels? What role could minor ports play in response to spatial and
institutional fragmentation? Are there any tools or approaches that may facilitate the
establishment of a common governance practice?

The thesis that this article outlines, and begins to explore, lies in investigating the
opportunities offered by MSP (maritime spatial planning) and European projects as possible
integrative and multi-disciplinary tools for designing land–sea interactions in SMPs and
promoting cooperation.
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2. The Regulatory Framework: Gaps and Opportunities

2.1. European Level

The European Commission regulation, specifically the one establishing a framework
on market access to port services and the financial transparency of ports, shows a clear
effort directed mainly toward the Trans-European Transport Network (TEN-T) ports. These
ports are “by definition essential for the international and intra-European trade exchanges,
and therefore for the European internal market, and/or the cohesion within the EU” [24].

This sectoral approach responds efficiently to economic needs and aspects related
to the movement of goods and people on a large scale. Yet, it completely ignores the
heterogeneity of the European port territory, which is made up of approximately 70,000 km
of coasts characterized by a wide diversity in the type and organization of ports. However,
this richness and diversity of the European port city territories do not seem to be recognized
as an added value by the EU, which, therefore, does not impose a defined regulatory
framework on SMPs since they “do not have a significant role for the European transport
system” [24].

Addressing the size of a port is always a bit of a problematic question. The European
Port Governance report [14] already raised some epistemological questions, such as, “is
the size determined by the surface of the port area, the volume of goods handled, the
number of passengers that pass through the port, the financial turnover, the staff employed
or a combination of these and other factors?” Specifically, the European Port Governance
report frames SMPs “as the ones with an annual volume of goods handled in all the ports
managed by the port authority as less than or equals 10 million tonnes” [14].

The fact that there is no common definition of what SMPs mean is highlighted by
several studies, including a recent article by Gerlitz that questions the role of medium-
sized ports as drivers of regional innovation and development in Research and Innovation
Strategies for Smart Specialisation (RIS3) in the Baltic Sea Area [18].

In line with the European 2020 strategy and in response to the gaps in policies and def-
initions, RIS3 is configured as a regional-scale strategy for SMPs’ regional development and
as an advancement of the policy. It represents a tool that aims at improving the efficiency of
funds’ distribution between European regions and contributing to the European objectives
on smart growth, the UN’s sustainable development goals, and the recently launched
European Green Deal [20]. RIS3 recognizes that small (and medium-sized) ports can play a
leading role in identifying functions such as (i) enhancing blue economy competitiveness,
(ii) contributing to regionalization processes, and/or (iii) facilitating the setup of multiport
gateways. However, based on the analysis of 37 regions, Meyer’s article highlights a very
low recognition of SMPs as drivers of regional innovation in the Baltic Sea Area under the
RIS3 policy, and, thus, it remains a rather sectoral reading of small ports. It provides a very
technical and functional approach to SMPs, instead of addressing challenging topics like
sustainability, smart specialization, and blue growth as driving forces for socio-cultural
development [18].

Ports are, in fact, functional machines that respond, among other objectives, to creating
network connections. This is clearly pointed out by the European regulations on mobility
and the Trans-European Transport Network [25]. According to this regulation, the Trans-
European Transport Network should “allow the seamless, safe and sustainable mobility of
persons and goods, ensuring accessibility and connectivity for all regions of the Union, and
contributing to further economic growth and competitiveness in a global perspective. Those
specific objectives should be achieved by establishing interconnections and interoperability
between national transport networks in a resource-efficient and sustainable way. For
example, rail interoperability could be enhanced by innovative solutions”. It continues,
“the core network has been identified on the basis of an objective planning methodology.
That methodology has identified the most important urban nodes, ports and airports,
as well as border crossing points. Wherever possible, those nodes are connected with
multimodal links as long as they are economically viable, environmentally sustainable and
feasible until 2030. The methodology has ensured the interconnection of all Member States
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and the integration of the main islands into the core network”. This regulation mainly
focuses on large connections and major ports while ignoring “small” or “minor” ports, two
words that are missing from the regulation [25].

Within the Sustainable and Smart Mobility Strategy document [26], mobility is rec-
ognized as one of the most relevant sectors at the European level, whether it is mobility
related to tourism or the handling of goods and industrial production. Free movement
within European borders has offered many opportunities for economic but also social and
cultural growth, but at the expense of the environment and the loss of biodiversity. Putting
mobility on track for the future, therefore, means working on reducing these impacts in the
short and medium term (2030/2035) and on achieving zero-emission goals in the long run
(2050) [26].

As far as ports are concerned in “creating zero-emission airports and ports”, the
document underlines that “inland and sea ports have a great potential to become new clean
energy hubs for integrated electricity systems, hydrogen and other low-carbon fuels, and
testbeds for waste reuse and the circular economy”. In addition, coastal areas and ports
should be a priority “in all EU waters ultimately aiming at zero pollution to air and water
from shipping for the benefits of sea basins” [26]. However, the document remains vague
in defining concrete development actions, and once again, it ignores the theme of SMPs
and the role that they could play as engines of sustainable and more resilient spatial and
socio-cultural developments.

Many steps are still to be made in achieving climate neutrality in the short and long
run. For this reason, in 2019, the European Commission released the European Green Deal,
committing to climate neutrality by 2050 [20]. This requires a radical transformation that
involves some key themes, including making transport sustainable for all, leading the
third industrial revolution, cleaning our energy system, renovating buildings for greener
lifestyles, and ultimately working with nature to protect our planet and health [20].

Among the different pillars, two are related to water: “environment and ocean” and
“blue economy” [27]. In fact, to fully embed the blue economy into the Green Deal and
the recovery strategy, the Commission has adopted a new approach for a sustainable blue
economy in the EU, stating it can contribute to climate change mitigation by developing
offshore renewable energy, decarbonizing maritime transport, and greening ports. It
will make the economy more circular by renewing the standards for fishing gear design,
ship recycling, and the decommissioning of offshore platforms. In addition, developing
green infrastructure in coastal areas will help preserve biodiversity and landscapes while
benefiting tourism and the coastal economy. Even though all of these issues are connected
to each other, and despite ports being a transversal theme, the Green Deal mainly considers
large ports, and “to ensure a fair contribution from the maritime sector to the effort to
decarbonize our economy, the Commission proposes to extend carbon pricing to this
sector” [20].

In the last 10 years, given the above-mentioned challenges, there has been a strong
pressure on marine planning to try to coordinate a quite complex set of activities at sea
while also preserving the landscape, ecosystem, and cultural heritage [28–30]. As such, in
2014, the European Commission implemented legislation on maritime spatial planning
(MSP) with the main objective of reducing conflicts among sea uses; creating synergies
between different activities; increasing cross-border cooperation between EU countries
to develop shared plans on renewable energy, shipping routes, and the protection of
the environment by assigning protected areas; calculating impacts on ecosystems; and
identifying opportunities for multiple space uses [31].

MSP proposes a significant step forward by looking at the sea not as an empty space
but as a possible extension of the city onto the water. MSP is a relatively new planning
approach aimed at analyzing and organizing human activities in the sea space to achieve
ecological, economic, and social objectives [28–31]. The European Directive 2014/89/EU
has also made MSP mandatory in the planning policies of all coastal Member States. The
Directive requires the EU Member States to have developed a national maritime spatial
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plan by 31 March 2021, with a minimum review period of 10 years. The plans are aimed at
establishing a reference framework for the planning of maritime spaces (contained within
12 nautical miles from the coast) in order to promote maritime economies’ sustainable
growth, marine areas’ sustainable development, and the sustainable use of marine resources
through an ecosystemic approach [31].

In Italy, the MSP Directive was implemented via the Italian Legislative Decree 17
October 2016, n. 201 [32], together with the recommendations adopted by the Decree of
the President of the Council of Ministers of 1 December 2017 [33]. However, the Italian
maritime plans have not yet been adopted, and they are still in the public consultation
phase [11].

Sustainability aspects are central in the European agenda, and this is why, in 2020,
the European Commission launched the New European Bauhaus to also better connect
the European Green Deal to the lives of people. This calls on all Europeans to imagine
collectively building a sustainable and inclusive future by focusing on three main aspects:
sustainability, requiring the identification of solutions toward circularity to better face
climate change; aesthetics, requiring the identification of solutions that are beautiful to
our eyes beyond pure technicality; and inclusion, from valuing diversity to securing
accessibility and affordability. In response, Portugal proposed the Bauhaus of the Seas
Sails (BOSS) as a continental mobilization around the first and most decisive global natural
space: the sea. The manifesto, among its various objectives, focuses on “reconciling with
the sea as a territory of trans-geographic continuity through site-specific ecosystems and
entanglements of humans and non-humans. This reconciliation opens new possibilities to
the strategic needs of the New European Bauhaus” [34].

Even in this case, aspects related to ports and the role that SMPs can play in creating
a more integrated and sustainable future are missing. This gap is also considered as an
opportunity to further explore.

So far, previous analyses have provided an overview of European policy documents
dealing with water and sustainability. Although, on the one hand, they have highlighted
enormous opportunities in recognizing the value of the sea and its economies, on the other,
they have encountered a significant gap in acknowledging SMPs and their value as drivers
of sustainable and resilient development in any of the initiatives mentioned above.

Today, rethinking the coastline means rethinking the future of a port (large or small)
in relation to its surroundings. The theme of water is mainly addressed as a space for
the movement of goods and people, but it would be interesting to understand its socio-
cultural values and how to imagine new forms of livability with/on water, starting from
the contributions that SMPs can make.

2.2. National Level

The Italian coast has about 700 ports, which are different in typology, dimension, role,
and ownership, making the relationship between small and large ports and territories a
controversial one throughout history (Figure 1) [19]. As pointed out by several scholars,
the reasons behind the conflict are diverse.

Firstly, there has been an absence of processes for the decentralization of port activities
that are no longer compatible with urban dynamics. As a result, except for very few cases,
such as Genoa, in many Italian cities, functional ports are within cities and very close to
residential areas. Secondly, conflicts also result from the presence of several different non-
aligned planning tools (port plans and municipal plans, as well as national and regional
planning). For instance, the lack of dialogue among authorities has historically resulted
in separate regulations, disputes on competencies, and inefficient plans for the land–sea
interaction. Finally, friction can be identified in the presence of different temporalities of
ports’ and cities’ transformation. This refers to the different economic models that ports
and cities are subject to, as well as the governance period of port city authorities [12,16,35].
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Figure 1. Italian touristic ports. Maps developed by the authors. Data source: SID il portale del mare.
URL: https://www.mit.gov.it/documentazione/sid-il-portale-del-mare (accessed on 17 November
2023).

The first Italian port regulation that introduced the governance of port authorities
dates back to 1994 with the law n.84 [36]. Prior to this, there was no real legislative discipline
except for a pure classification of ports (Royal Decree 2 April 1885, n. 3095) [37]. However,
this mainly had to do with economic aspects between the local, national, or regional bodies
necessary to finance port development throughout history [16]. The Royal Decree, which
was introduced in a period when Italian coast defense military activities played a significant
role, divided the port system into two main categories: ports for navigation defensive
purposes and ports with commercial functions. The second category was then divided
into an additional four classes based on their importance in the national context. The first
one included ports heading important lines of communication, dealing with international
trade and classified as places of general interest to the state, which financed 80% of these,
while the remaining 20% were financed by municipalities. The second class included ports
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that affected general navigation and safety, serving only or mostly as refuges and military
protection. Naples, Genova, and Venice, for example, belonged to this category, and their
administration and management were paid for by the state. The third class included ports
and docks with trade at a provincial level (50% financed by the state and 50% financed by
municipalities). Finally, the fourth class included ports focused on local trade, financed
only by municipalities. The classification of ports (at least for the first three classes) was
dictated exclusively by quantitative parameters, i.e., by the number of goods handled. The
fourth class was for “all the other ports”, such as “inlets, gulfs and beaches both on the
continent and on the islands”. This classification of ports has prevailed for a long time,
since it also affects the distribution of expenditures for the construction and maintenance
of infrastructures, the drafting of port regulatory plans, and so on [37].

The Royal Decree was the first important attempt to classify ports, introducing a
hierarchy among Italian ports that still exists today.

An evolution of the discipline arrived only in 1994. The law introduced a qualitative
parameter for the ports belonging to the second category, which were classified based on
their vocation: commercial, industrial and petroleum, passenger service, fishing boat, or
tourist and recreational. In addition, in this classification, minor ports were considered, for
the first time, as basins or small docks, yet not relevant on a national scale [36]. Instead, it
reduced minor ports to pure terminological aspects, not even capable of fully grasping the
different territorial complexities and the changes that ports on a global scale were facing.

Since the 1960s, with the arrival of containers, ports have become nodes of a global net-
work increasingly connecting the world but quite often detached from local territories and
cultures [38–40]. At that time, the concept of the port-city-territory started to appear, which
ideally meant that large and minor ports would work in synergy and be governed under
the same institutional umbrella. This did not really happen, and SMPs have consequently
been left out of national and regional planning.

The recent port Legislative Decree 4 August 2016 n. 169 introduced port systems,
merging multiple port authorities into a 16-port-authority system. This process recognized
a profound change in the relationship between ports and larger regions and shifted the at-
tention to the main ports, delegating the management of minor ports to sectoral disciplines,
local organizations, and systems of concessions [23].

The Plan of Port Systems, which built upon the “Guidelines for the drafting of Port
Regulatory Plans” introduced in 2004 by the Superior Council of Public Works, became a
technical–functional tool in the resolution of conflicts between ports and cities. According
to the guidelines, the port plan was tasked with strategically defining the port’s different
functional areas. The plan’s strategy is divided into two main areas: the first pertains to the
“operational” port related to the economy and efficiency of port activities, and the second
pertains to the port–city interaction areas, where port flows and urban spaces usually
coexist. These land–sea interaction areas are indeed suitable places to experiment with
projects that can influence strategic plans, like reconciling the development needs of the
ports with the objectives of urban and environmental quality [41].

The Legislative Decree n. 232/2017 introduced a strategic planning document aimed
at defining the development objectives and the systemic planning contents of the port
authorities and identifying and outlining the areas intended for strictly port and retro-
port functions, the port–city interaction areas, the last-mile road and rail infrastructural
connections with the individual ports of the system, and the crossing axis between ports
and cities [42].

Except for a few examples, there are not many plans in Italy that have put these
indications into practice, and there is, therefore, still no real systemic planning that connects
ports (major and small–medium-sized) to each other and to the larger territory. It is
necessary to innovate the discipline and the planning framework by questioning the
current models and investigating whether minor ports can play a role in generating new
maritime mindsets [38,43,44].
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3. Small and Medium-Sized Ports (SMPs) “within” the Italian MSP Plan

This section of the article briefly analyzes the Italian maritime spatial draft plan with
reference to the methodological structure and the contents of the fourth phase of the plan
entitled “Planning: vocations, specific objectives, specific measures (by areas and sectors)”.
It focuses on how SMPs are addressed and highlights cooperation and development
opportunities, arguing that these could trigger new cognitive processes, particularly with
the vocations of coastal territories.

Recently, and especially in the last 20 years, there has been increasing concern in
marine planning for better coordinating a quite complex set of activities at sea that also
have to preserve the landscape, ecosystem, and cultural heritage [11,31,44]. Today, thanks
to maritime spatial planning (MSP), this complexity, which historically has been conceived
and planned as a dividing line between land and sea, is becoming a multifunctional place, a
transition space, and, consequently, an area in which to integrate land and water planning.
Although the challenges that water cities are facing today are evident, and although flows
of people and goods move across territories globally, we can argue that land and water
are still planned in a disconnected manner. This is due to a land-based approach that has
always seen the sea as a blank canvas [11,28,31,44].

Nowadays, Europe’s sea is filled with continuous, simultaneous activities, primar-
ily set by well-established sectoral planning systems, such as the maritime transport of
commercial goods and related ports, fisheries, and tourism. In addition to these, it is
significant to also consider the prospects offered by new technologies, such as offshore
wind, submarine cables and pipelines, offshore hydrocarbon exploration, research and
cultivation, and aquaculture and marine biotechnology [44,45].

In response to the imbalance between natural and anthropogenic aspects, there
emerges maritime spatial planning and, consequently, the blue economy, focused on
economic activities based on and actively beneficial to the ocean, promoting sustainable
development as its basis [44–47].

To provide a more coherent approach to maritime issues, the Integrated Maritime Pol-
icy of the European Union (IMP) was adopted, calling for increased coordination between
different policy areas under a comprehensive policy “umbrella”. The MSP pillar of the EU’s
IMP is regulated by the European Directive 2014/89/EU, which made MSP mandatory in
all coastal Member States’ (MSs’) planning policies and requires each identified MS to have
developed a national maritime spatial plan by 31 March 2021 [31].

By asserting that MSP plans “need to take into consideration Land-Sea interactions”,
the MSP Directive paves the way for the possible application of MSP in supporting the
strategic development and evolution of SMPs [28].

Over the last ten years, the Italian government has been actively working to develop
and shape maritime policy and tools in support of the blue economy and marine conser-
vation. The MSP process in Italy, currently in the final stages (public consultation phase),
started in 2016 with the transposition of the Directive 2014/89/EU within the Italian legis-
lation through the Legislative Decree 201/2016 and the guidelines of the DPCM (Decree of
the President of the Council of Ministers) of 1 December 2017, officially activating the imple-
mentation of the three Italian Maritime Spatial Plans (PSGM), one for each maritime area:
Adriatic, Tyrrhenian-Western Mediterranean, and Ionian Central-Mediterranean [31–33].

The maritime spatial plan does not alter the existing planning tools. On the contrary,
it is configured as a superordinate planning level and strategic level aimed at ensuring an
alignment of the various existing sectoral plans (territorial coordination plans, landscape
plans, etc.). For this reason, the maritime spatial plan represents a strategic planning tool,
providing guidelines and criteria for new possible directions for the use of the sea.

Due to its juridical nature, maritime spatial plans are conceived as programs capable
of directly influencing not only those areas concerning marine waters but also those
concerning terrestrial activities that can have effects on marine waters [11].

The Legislative Decree 201/2016 also defined a new model of multilevel governance,
constituting new entities and assigning new roles to the various levels of ordinances. In
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particular, Art. 8 of the Decree designated the Ministry of Infrastructure and Transport
(MIT) as the Competent Authority (CA) for MSP, while Art. 6 established an Interministerial
Coordination Table (TIC), chaired by a representative of the Presidency of the Council
of Ministers (Department for European Policies) and participated in by almost all other
ministries. Finally, Art. 7 established the Technical Committee (TC) with the function of
preparing, for each maritime area, maritime spatial management plans.

The TC is a multilevel body composed of representatives from ministerial entities:
three referents from the MIT; two representatives for each Ministry involved in marine and
maritime issues (Environment and Energy Security (MASE), Agriculture, Food Sovereignty
and Forestry (MASAF), and Culture (MIC)); and one representative from each of the coastal
regions (fifteen in total). The TC is responsible for ensuring the consistent implementation
of the MSP guidelines (according to the 2017 DPCM) and the plan processes’ coordination,
while the Scientific Team (ST) is responsible for the operational and scientific–technical
support aspects. The ST consists of 25 researchers from different scientific backgrounds
and from three different institutions: CORILA, CNR-ISMAR, and IUAV University of
Venice [32,33].

To facilitate harmonization between the three management plans in the respective
maritime areas and according to the operational guidelines represented by Legislative
Decree 201/2016 and DCPM 01/12/2017, six methodological steps have been defined to
allow their implementation:

1. Describe the initial status and current and expected trends by assembling a collection
of data for each sector and using them to gain a cognitive framework to support the
analysis and planning process.

2. Perform an analysis of the interaction (conflicts and synergies) between uses and
impacts on environmental components aimed at defining the relationships among
activities and uses and supporting the following phases.

3. Set a vision and strategic objectives for the individual sector based on existing strate-
gies, plans, and standards through the collected information.

4. As a result of the three first phases, create a plan, including vocations, specific ob-
jectives, and measures (by areas and sectors). Each sub-area has defined a vision
with a 10-year horizon and defined specific objectives based on the strategic ones
identified in phase three. Current uses and activities recognized in phase one and
their relationships in phase two have allowed the fragmentation of the sub-area into
planning units, which are regulated through measures of the activities.

5. Evaluate its effectiveness by implementing a monitoring program in order to achieve
the goals defined in phases three and four. It also supports an adaptive approach,
which allows the plan to be tailored to different contexts and needs that may change
and emerge over time.

6. Perform activities for the consolidation, implementation, and updating of the plan,
progressively developed through the activities related to the monitoring system in
phase five, during and after the approval process of the plans, to feed their consolida-
tion and support the implementation process.

The SMPs’ analysis particularly focuses on steps three and four of the Adriatic MSP
plan process, which are the core of the plan and the identification of strategic (SO) and
specific objectives and measures, in addition to spatial choices and geometries (zoning).
Indeed, the elements (objectives, zoning, and measures) included in these two phases are
relevant to promoting, supporting, and developing new governance practices [33].

SMPs are considered in two specific sectors of the MSP plan: implicitly in “Maritime
Transport and Ports (MT)” and more directly in “Coastal and Maritime Tourism (T)”.

Within the Maritime Transport and Ports strategic objectives, the plan intends to
increase the competitiveness of Italian ports and foster the sharing of best practices aimed
at energy efficiency and environmental sustainability. The plan directly mentions the roles
of port authorities and related major commercial and passenger ports, and more implicitly,
it lays the foundation for medium and small ports (SO_MT|04).
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On the other hand, the plan also aims to promote integration and dialogue among
existing planning systems, seeking, in particular, to bring to the same table the authorities
responsible for strategic port, land, and sea plans to ensure an exchange of information and
avoid potential planning conflicts (SO_MT|05). The establishment of these tables would
also facilitate dialogue between public and private actors and consequently strengthen
cooperation between major and minor ports [48].

Regarding the “maritime and coastal tourism” sector, the SMP theme related to land–
sea interactions becomes a priority for the plan. In fact, strategic objective T|02 recognizes
the persuading role marinas play in favoring actions aimed at transforming these ports
into nodes of connection for various types of transport [48].

As a strategy for their sub-area, several Adriatic Italian coastal regions identified spe-
cific objectives for recreational boating, including the role of SMPs in diversifying touristic
opportunities while ensuring accessibility to waterways and environmental sustainability
(e.g., Friuli-Venezia Giulia, Emilia Romagna, and Marche). Moreover, the Veneto Region
highlighted the importance of developing slow and experiential tourism on the coastal
strip in synergy with the inland area, ending littoral and pleasure boating, encouraging
the redevelopment of SMPs, integrating land and sea planning systems, and protecting
the landscape characteristics of the coastal system and architectural features of seaside
towns [48].

To achieve the objectives, each marine plan includes a set of national measures common
to the entire Italian marine space that are valid for all three maritime areas (Adriatic
included). For some sub-areas falling within the territorial waters co-planned by coastal
regions and ministries, more detailed measures have also been defined.

To help increase the competitiveness of Italian ports and the sharing of “best practices”,
as reported by the strategic objective MT|04, the plan proposes a measure to bring the
performance and functionality of Italian ports up to the standards required for obtaining
the different existing certifications, such as European Clean Ports, Environmental Manage-
ment System (EMS), PERS (Port Environmental Review System), and Environmental Port
Index. Certifications might assume a relevant function for SMPs, both to overcome the
fragmentation of public–private management in which many SMPs find themselves and to
promote a new governance system by harmonizing and setting a common ground among
different SMPs [48].

As for the tourism sector and, in particular, for the strategic objective of fostering
coherent planning actions on land and at sea, including for tourism purposes, the plan
intends to design and develop recreational boating monitoring activities. Plus, in order
to acquire adequate knowledge of traffic flows and define management measures for the
sustainable development of the sector, the measure also seeks to consolidate existing initia-
tives through collaboration between regions and local operators/entities. This measure, if
implemented, further reinforces the need to bring SMPs’ public and private owners closer
together to improve data flows and obtain scientific evidence to regulate and facilitate a
more cohesive and harmonized development [48].

4. MSP as a Tool to Renew Small Ports: The Interreg Italy–Croatia Framesport
Experience

The need to rethink SMPs was identified within EU programs and addressed via
strategic EU projects. These programs addressed ports from a regional perspective that
allowed local knowledge and needs to be taken into consideration. Meanwhile, a general
approach to developing SMPs focused on fostering their connectivity and greening, as
indicated in the European Green Deal. This was the case for a set of EU projects taking
place in the Adriatic Sea, namely, ECOMAP—Eco-sustainable management of marine
and tourist ports; SUSPORT; and FRAMESPORT. All of these projects were developed
through the Interreg program Italy–Croatia, which looked to strengthen collaboration
among neighboring countries and promote common transboundary actions [19].
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This paper focuses on the Framesport project because it offered the opportunity to test
out a strategy definition method for SMPs by supporting their recognition (e.g., through
MSP) and identifying them as promoters of sustainable development.

Ports and cities in the Adriatic Sea are separated from a spatial, cultural, and institu-
tional perspective—a separation that has direct implications on the quality of the land–sea
interaction. Historically, this has generated a chaotic mixture of spaces that today are
characterized by an uncertain planning regime. Fragments of an industrial past, and quite
often obsolete infrastructures at the edge of the port and city, are some of the tangible
results of this uneven growth between the city and its port. As a consequence of this
fragmentation, four main degrees of separation can be identified:

1. Spatial separation between the nautical-tourist routes and inland territories;
2. Environmental separation of ports that need to make better use of existing resources

and energy sources;
3. Technological separation of ports that need to identify solutions to be safer and better

connected;
4. Fractures between global and local economies that require new competitive strategies.

The activities carried out within the Framesport project dealt with the territorial
complexities linked to the small Italian and Croatian ports. It also aimed at defining a
methodology for the construction of a solution-and-scenario abacus capable of facing the
plurality of economic, social, and environmental challenges that afflict coastal territories
today. Adriatic SMPs, such as marinas and touristic harbors, are currently experiencing
rather challenging spatial, social, and economic situations due to a surplus of supply
compared to demand levels and the increased users’ average age. Boosting competitiveness
is a priority for these realities in both the Italian and Croatian contexts, which would highly
benefit from new business models, measures, and actions aimed at recovering their overall
efficiency and attractiveness [19].

This experimentation was carried out by IUAV and CORILA as part of the Framesport
project to set the objectives of SMPs’ reconceptualization as catalysts of new social, cultural,
spatial, and environmental values, which often escape the gaze of regional and national
planning. Particular attention was dedicated to the collection of data and the mapping of
these realities as a fundamental process for the construction of future scenarios.

Framesport is aimed at supporting homogeneous and integrated improvements in
Adriatic small ports’ sustainability, competitiveness, and attractiveness through the follow-
ing measures:

• The delivery of a strategic framework orienting their future development in the
long run, also by improving their connection with the neighboring territories and
populations, as well as enhancing and diversifying the overall touristic opportunities.

• The realization of an ICT platform as a virtual space available for users and stakehold-
ers, containing results from the implementation of pilot actions and the best practices,
suggestions, and proposals for Adriatic SMPs’ development and management.

• An increase in competencies for the harmonized planning and management of SMPs,
contributing to elevating their role as drivers of the sustainable growth of coastal areas.

This strategy is the result of a complex analysis and consultation work with stake-
holders achieved through meetings and semi-structured surveys. It will support decision
makers’ and port management’s decisions in the coming years to ensure that small Adriatic
ports are greener, connected, competitive, and safer. The state-of-the-art study informed
the definition of the different key aspects composing the strategy. The state of the art is
composed of EU directives, regional strategies, and national laws; data on ports describing
their current state; an analysis of demand and supply; the results of Framesport pilots; and
inputs from local stakeholders via dedicated surveys and workshops [19].

The methodology for the common-strategy definition began with the identification
of objectives (already included in the Framesport focus) by considering European direc-
tives and strategies and national laws and strategies on tourism and sustainability. The
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combination of analysis and educated guesses from collected data verified via stakeholder
engagement with a set of dedicated events and a questionnaire informed the definition of a
vision and strategic actions. Moreover, the results from Framesport tools and the analysis
of demand and supply reinforced the selection of actions and aggregation in dedicated
areas of interventions linked to the tools’ macro-topics.

The main areas of intervention were identified as follows:

1. Governance and planning (land/sea), where the discussion pointed out the fragmen-
tation of tools and a lack of strategic vision.

2. Tourism, where the urgency to diversify routes and better connect the coast to the
inland territory, among other topics.

3. Maritime culture and involvement, where different actors discussed the uses related
to marinas and leisure boating and how these will change in the future.

4. Landscape and heritage protection and the challenges related to climate change. This
condition of great uncertainty due to climate extremes highlighted the need to identify
clearer actions capable of protecting heritage from changing water conditions.

5. A green transition. This needs to take place to allow SMPs to grow sustainably within
the territory. SMPs are also facing problems due to obsolete infrastructures. They are
often insufficient and, therefore, need to build a strategic and interconnected vision to
reconnect ports and regional territories.

6. Climate change and risk management. These are also important topics that need to be
addressed by the strategy by, for example, introducing monitoring systems that deal
with changing risk mitigation.

7. Coastal and water management, as well as ecosystems and coasts’ physical assets, to
ensure high-quality standards, including in connection with river routes and land.

8. Maritime transport: the need for a structural rethinking of land–sea interactions.
Today, the line between ports and cities quite often appears as a fragmented and
chaotic space. In fact, there is a territorial fracture that manifests itself in abandoned
or underused spaces that can play a significant role in terms of economic and new
ecological connections between SMPs and the larger regions [19].

The actions resulting from stakeholders’ engagement and analysis of needs were
divided according to this categorization and assigned to one of the specific objectives
(connected, green, competitive, and safe) and one macro-topic (sustainable growth, business
development, and system management). The strategy identified the stakeholders to be
involved in each action (government and management, private sector and industry, and
end-user research) and its level of priority (Figure 2).

The proposed strategy aims at systematizing the plurality of challenges at stake and,
in line with the feedback collected through interviews with key stakeholders, seeks to
conceptualize SMPs from a sustainable perspective (environmental, economic, and social).
The strategy looks at the spatial and governance redesign of land–sea interaction with a
specific focus on the sectors and identified actions.

All of these different dimensions of separation challenge the current understanding
SMPs, requiring decision makers to move away from a planning approach that has con-
ceived them as isolated and punctual dots. On the contrary, current and future challenges
are urging decision makers to design them as greener, safer, and more competitive. While
big ports are hard to change due to the scale of relations and to a complex governance
structure and, therefore, institutional rigidity, SMPs have a different scale and can play
a key role in testing key changes and eventually connecting them to the larger context.
Thus, working on SMPs is essential to adapting to climate, environmental, and social
transitions [19].
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Figure 2. Framesport strategy. The scheme shows the interconnections between data, objectives,
intervention areas, sectors, and macro-topics.

5. Conclusions

Port cities are under pressure due to a plurality of spatial, social, environmental, and
economic challenges. Climate change and sea-level rise, specifically, are pushing a multi-
tude of stakeholders to identify solutions that can improve ports and cities’ relationship
in the short, medium, and long terms and that also respond to spatial and institutional
fragmentation. With all current public discussion and research focused on big ports, SMPs
often escape the gaze of regional and national planning, with tangible consequences for
spatial and governance divisions. This article argues that major ports are hard to change
due to strong economic, regulatory, and cultural dependencies (e.g., energy dependence),
and transition will likely require longer timeframes. Therefore, juxtaposing a parallel focus
on smaller ones, such as minor harbors, marinas, and touristic harbors, according to their
fragmented nature (private and public), might trigger new opportunities and sustainable
practices: from the energy sector to new touristic experimentations, such as fishing tourism.
In response, the need for new approaches and models (governance and methodologies)
becomes clear. SMPs could be fully recognized as exemplary solutions to design a broader,
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trans-disciplinary, and more coordinated vision, resulting in a holistic transition approach
applicable to all port sizes and also improving the connection between large and small ones.

European and national policy documents reveal a lack of specific regulations on
SMPs. Despite recognizing ports as relevant engines for urban development at multiple
scales, these documents do not pay enough attention to aspects of the management and
development of SMPs—not even from a terminological point of view.

Designing maritime spaces and the interaction between land and water requires
in-depth knowledge of the territory and its vocations. Plus, there is a need to consider
activities, functions, and land uses that start on land and continue at sea, and vice versa,
such as port-related logistics, the movement of goods and people, the energy sector, tourism,
and fishing. This intricate interweaving of activities and flows, belonging to different logics
and dynamics by their nature, has traditionally been planned through an approach that
ignored their interactions.

This growing attention to the sea’s history and its spaces is reflected in current political,
economic, and spatial planning discourses around the sea, as demonstrated by a significant
amount of research. Directive No. 2014/89/EU and Legislative Decree No. 201 of 17
October 2016 provide a framework for maritime spatial planning (MSP) in Italy. Even if it
does not directly work on ports, the MSP plans provide a strategic orientation on a national
scale concerning maritime areas and address the coastline sea uses with a specific focus
on land and sea interactions. MSP represents the first attempt where SMPs are explicitly
considered and included, not only in the specific objectives but also in the national measures
aiming to promote and set a common strategy. The MSP plan paves the way to overcome
public and private barriers by proposing measures to improve efficiency and striving for
European certificates that would unlock economic incentives.

Despite the great opportunities offered by the plan and the process, there are still
doubts regarding the economic availability that would enable some measures to be actually
implemented.

Following existing research on MSP, this article claims that small and medium ports,
through MSP, might have a relevant role in better managing passenger and good flows, pro-
moting sustainable mobility, and valorizing tangible and intangible heritage. Dealing with
these assets will drive SMPs toward a coordinated strategy and a new governance model.

These themes and challenges were also the starting point for the Framesport project,
which represented an interesting laboratory that looked at the SMPs in the Adriatic between
Italy and Croatia. As its main output, the Framesport project defined a strategic and
common framework that might be the answer to the pressing spatial and institutional
fragmentation that characterizes the small Adriatic ports and beyond. This means providing
a multi-scale and multi-sectoral categorization capable of bringing together challenges due
to climate change with the issues of heritage protection, energy, culture, infrastructure, and
logistics, responding to sustainability requirements in a more systematic way. The strategy
is a document that discusses an uncertain future, yet one filled with new opportunities
for SMPs. Particular attention was given to the interaction between land and water as a
transversal principle and as a space of tangible and intangible opportunities for an enlarged
reconnection between ports and inland regions.

The need for a regional approach, one that can harmonize and connect ports in a given
area that may deal with similar challenges (e.g., subsidence in the Adriatic case) and have
similar opportunities (e.g., desalination), has emerged. A connection between ports at
the regional level would be relevant for SMPs in sharing costs and efforts to maximize
resource uses and limit impacts on connected ecosystems. To what extent and, especially,
how MSP may be a game changer for SMP management in the Italian context is still to be
fully understood, mainly depending on the plans’ implementation at a national level and
their possible downscaling to further local tests.
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Abstract: Nature-based solutions (NbS) to water scarcity, environmental degradation, climate
change, and biodiversity losses are enjoying increasing implementation throughout the world. This
manuscript reviews three case studies from Brazil, Panama, and Portugal that illustrate NbS and
searches for commonalities that may assist their usefulness in new sites. The Tijuca Forest in Rio de
Janeiro is a remarkable story of centuries of forest management and restoration that initially aimed at
providing water security for the capital of the country during the XIX Century while it was still a
monarchy. Today, it is recognized as a UNESCO World Heritage Site. The Panama Canal Watershed
produces water for canal operations, electricity generation, and drinking water for half the country’s
population. Traditional water mills and weirs near streams in the Alentejo Region, Portugal, have
largely been abandoned due to the damming of the Guadiana River. Yet today, weirs are increasingly
recognized for their important contribution to water provisioning in this dry region. All have a
primary goal related to water provisioning, yet their ecosystem benefits are multiple. The cases
offer important lessons for adaptation to climate change, cultural benefits from traditional human
activities, and concerns about social equity.
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1. Introduction

In recent decades freshwater scarcity has been increasingly recognized as a global
systemic risk and elevated to the center of global concern [1]. The fact that the theme of
World Water Day 2007 was “Coping with Water Scarcity” illustrates this [2].

Although water scarcity often has its roots in water shortage, there are several ways
of defining water scarcity, so it can be considered a relative concept. Scarcity can occur at
any level of supply or demand because of the lack of correspondence between availability
and demand, or it can be related to access or the expected water quality related to the
increasing degradation of groundwater and surface water [3]. Temporal or geographical
imbalances between availability and demand are largely responsible for water scarcity [4,5]
because these can generate conflicts between water users. The imbalance between the
forcing drivers relative to demand (high population growth and economic development)
on the one hand and the forcing drivers relative to availability (droughts and wide climate
variability) on the other, can make this water scarcity dramatically real and acute. Thus,
spatial and temporal considerations are important determinants of water scarcity, and
therefore, to water security [6]. A feature of any “desirable” water-secure future must
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be the existence of healthy ecosystems, which require water to maintain the life of these
ecosystems [7].

Usually, coupled water scarcity and water availability are analyzed by considering
surface water because surface fresh water is the most readily available resource to meet
water demands and, thus, is considered the first indicative of blue-water availability [8].
Nevertheless, considering a systemic view of water (its whole cycle and flows), it is neces-
sary to consider the interdependence between blue and green water and how the entire
landscape can help to produce and maintain water [9]. Water is essential for maintaining
the ecological integrity of aquatic and terrestrial ecosystems, as well as for providing the
quality that allows for the subsistence and well-being of the human beings who depend on
these ecosystems [10]. However, the use of water resources has already exceeded the alarm
level in many regions of the world [11], resulting in the decline of the water table [12,13],
degradation of aquatic ecosystems [14], and losses of wetlands [15–17]. Furthermore, the
impacts of climate change, which result in changes in abiotic factors, such as precipitation
and temperature levels, affect species and biological populations and how they interact
with other organisms and their habitats, which alters the structure and function of ecosys-
tems and the goods and services that natural systems provide to society [18]. In addition to
insufficient water quantity, water pollution also aggravates local water-scarcity risks. These
phenomena can be exacerbated when they occur in regions with few water resources or
where water resources are poorly managed, resulting in imbalances between the demand
for water and the supply capacity of the natural system [19].

The ecological concepts of sources, sinks, and recycling can help to provide a useful
understanding of water basins, water cycles, and flows [20]. When considering the systemic
view, applied not only for the elements in a structural perspective of landscapes [21] but
for the entire process and feedback controls, we can see not only that healthy ecosystems
need water but also that healthy ecosystems can produce water [22]. In other words, water
should absolutely be considered connected to the landscape where it runs. The way to
recover water should rely on nature-based solutions [23–25].

This paper reflects on the role of ecosystems in water production and conservation
and how this systemic approach to water conservation can be improved by analyzing
past experiences as supportive lessons, similar to the way ancient urban facilities could
inspire us to harvest water in cities in water-scarce regions [26]. Examples from different
areas of the world illustrate the long existence of what are presently named “nature-based
solutions” (NbS).

2. The Nature-Based Solutions and Water Security

Nature-based solutions (NbS) are defined as “actions to protect, sustainably manage
and restore natural or modified ecosystems that address societal challenges effectively and
adaptively, simultaneously providing human well-being and biodiversity benefits” [27].
The NbS concept aims at highlighting positive outcomes for society (so-called ‘solution’)
as a gift offered or promoted by nature if we consider and respect its flows and chains. It
may present some overlap with other concepts used to propose ecosystem management
for societal benefits, such as ecological engineering, green/blue infrastructure, ecosystem
approach, ecosystem-based adaptation/mitigation, ecosystem services approach, or natural
capital [28]. NbS can be an important strategy to increase water security supported by a
systemic approach that considers water security as “the capacity of a population to safe-
guard sustainable access to adequate quantities of acceptable quality water for sustaining
livelihoods, human well-being, and socio-economic development, ensuring protection
against waterborne pollution and water-related disasters, and preserving ecosystems in a
climate of peace and political stability” [29]. Scott et al. [30] (p. 281) present a different defi-
nition that is more ecosystem-based and adds a perspective of resilience: “Water security
constitutes the sustainable availability of adequate quantities and qualities of water for re-
silient societies and ecosystems in the face of uncertain global change”. Stable and resilient
ecosystems can reduce uncertainty, enhance overall water security by improving both water
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availability and quality, prevent water-related disasters, and achieve increased water-body
resilience to climate change [31]. Ecosystem restoration in Iceland presented positive results
on runoff dynamics and flood prevention, addressing a decrease in high discharge peaks
and a reduction of erosion rates in the rivers due to the lower soil erodibility [23]. In China,
a mangrove landscape restoration and protection project in the Fengxinglong Ecological
Park at the junction of the Sanya and Linchun Rivers provided a reduction of shoreline
erosion while water was being purified [32]. The contributions of mangrove forests and salt
marshes to a reduction of flooding in deltas throughout the world are well documented [33].
Additionally, ecosystem restoration of mangroves provides greater carbon sequestration
benefits than afforestation for mitigating global climate change [34].

Vegetation–water interdependencies should be considered because vegetation influ-
ences water recycling from local to continental scales. Within this coupled system, tropical
trees extract deep soil water and pump it into the atmosphere, circulating water through
evapotranspiration to precipitation processes [35]. Vegetation should be regarded as a
water ‘recycler’ [31], illustrating the interdependence between green and blue water [9].

NbS can offer the main or only viable solution in each particular context, facing
challenges that gray infrastructure cannot address (due to aging or inadequacies with
respect to climate change). For example, the third Rhone River Correction Project in
the canton of Valais, Switzerland, aims to return space to the floodplain that had been
eliminated. After recognizing that the past interventions in that river were incapable of
flood and disaster prevention, authorities decided to widen the river corridor, creating
additional space for the river to improve the landscape and biological diversity and restore
the ecological functions of the river and the natural dynamics of the ecosystem as much as
possible [36]. By embedding an ecosystem services approach, NbS can represent innovative
solutions within the principles and practice of integrated water resources management
(IWRM), leading to water resilience and improving people’s livelihoods.

The following sections describe three cases of NbS implementation from Brazil,
Panama, and Portugal. Subsequently, we comment on what these experiences can teach us
today, as we aim for a sustainable future where ecosystem services can be fully provided
under an ecocentric framework.

3. Some Nature-Based Solution Case Studies

The three case studies whose sites are shown in Figure 1 represent different continents
(Europe, North America, and South America), latitudes, and climatic regimes. Together,
they illustrate that NbSs have applicability in diverse ecosystems and climatic regions and
suggest lessons that can be appropriate to other interventions throughout the world.

Figure 1. Map of the three case studies discussed in this manuscript.
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3.1. The Forest Landscape Restoration in Tijuca Tropical Rain Forest, Brazil

“Rio de Janeiro’s Carioca Landscapes between the Mountain and the Sea (Brazil)” was
inscribed on UNESCO’s World Heritage List in 2012 (Figure 2). According to UNESCO’s
Decision 36 COM 8B.42, an outstanding contributing factor was that “the mountains and
open green areas of the Tijuca National Park, together with Corcovado and the hills around the
Guanabara Bay still retain a similar combination of forest and open observation points as at the time
of colonization and allow access to vistas of the city from many high vantage points that demonstrate
very clearly the extraordinary fusion between culture and nature in the way the city has developed”.
The Tijuca Forest, the core landscape of this set that impressed UNESCO, remains less than
twenty kilometers from the city center, occupying a large area of land on the southern
slopes of the Tijuca and Papagaio peaks, encompassing the Alto da Boa Vista and the Pedra
do Conde [37].

 

Figure 2. Rio de Janeiro’s Carioca Landscapes between the mountain and the sea (Photo, Keyko
Carolina Saito).

Presently, the Tijuca Forest belongs to a protected area, the Tijuca National Park
(22◦55′–23◦00′ S, 43◦11′–43◦19′ W), with a total of 39.51 km2 of Atlantic Forest biome
containing rich biodiversity, including several endangered fauna species, among others, the
margay (Leopardus wiedii), the brown howler monkey (Alouatta guariba), and the endemic
frog Thoropa lutzi [38–40]. Additionally, this protected area has a total of 254 taxa recorded
among ferns and lycophytes, with seven species identified as endangered, including Anemia
blechnoides, Lytoneuron tijucanum, Pteris congesta, Anemia gardneri, Asplenium cariocanum,
Doryopteris rediviva, and Lytoneuron quinquelobatum [41]. The mountainous and rugged
terrain includes Pico da Tijuca, Corcovado, and Pedra da Gávea, the last, considered to
be the largest seaside monolith in the world. The Park presents a unique natural beauty,
contrasting the green of the forest with the ancient rocky surfaces and the sea. The rocks
that form the mountains of Tijuca National Park are aged around 1.7 billion years. The
park’s climate, due to the geographic orientation of the Tijuca Massif, presents abundant
rainfall, with no dry period in winter. The annual precipitation typically varies from 2000
to 2500 mm, although 3300 mm can be reached in exceptionally rainy years [38].
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Sites located up to 500 m high have a humid tropical climate (Aw type in the Köppen
classification, with mean monthly temperatures varying from 25 ◦C in February to 19 ◦C in
June, and an annual mean temperature of about 22 ◦C [38]. Meanwhile, above this altitude,
temperate conditions occur. The hydrography of Tijuca National Park is quite extensive,
with several small streams (Maracanã, Carioca, Cachoeira, and das Almas, among others,
with very modest water flow [42]). It is estimated that 20% of the total average annual
rainfall is absorbed by the preserved tropical rainforest, with the help of the leaf litter
and its associated biogenic activity on the top of the soil, which provides high infiltration
rates and storage of rainwater in the soil (Figure 3). Due to these roles of the forest cover,
only 30% of the precipitation converges into the river channels during the rainy periods,
resulting in modest flow, but with a perennial supply of basic river discharges [43]. Several
waterfalls are also present, the most famous being the Cascatinha Taunay.

 
Figure 3. Atlantic Forest biome, Brazil, with its structure of intercepting and infiltrating rainfall
(Photo, Carlos Hiroo Saito).

Today’s impressive landscape resulted from an enormous effort to restore the tropical
rainforest. In fact, the Tijuca Forest is a replanted tropical forest, resulting from pioneering
reforestation experiences with native species and forest and watershed management started
in the 19th century. Initially, it aimed to provide water security for Rio de Janeiro, the
capital of colonial Brazil, which continued as the capital of the Brazilian Empire after the
independence proclamation in 1822 and as the capital of the Republic of Brazil from 1989
to the mid-20th century.

The forest remained intact throughout almost the entire 18th century, as land squatters
that supplied the city with food were restricted to the edge of the urban area on land where
the new city would later emerge. The location preferences of peasants probably were
guided by the abundance of water for food production.

In the second half of the 18th century, coffee plantations emerged in Rio de Janeiro
and quickly spread around the hills surrounding the city, due to favorable local climate
conditions and soil. However, by the beginning of the 19th century, the abandoned coffee
farms and eroded slopes resulted in severe environmental degradation. From 1817 to 1818,
Dom João VI, King of the United Kingdom of Portugal, Brazil, and the Algarves, and still
living in Brazil, issued orders to (1) stop the forest devastation in the springs near the city;
(2) plant trees next to the springs of some rivers; and (3) carry out assessments allowing
the government to expropriate areas with springs and place them under protection. These
measures were not effective and had only a modest implementation.

It is important to note the main source of freshwater in the region was the small rivers
and streams that flowed from the hills surrounding Guanabara Bay because there were
no large rivers nearby. Additionally, the wells in the lower regions around the bay were
almost always subject to the intrusion of brackish water. The degraded hills, due to coffee
plantations, put the provision of drinking water in Rio de Janeiro at risk, aggravated by
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the severe droughts in the empire’s capital (now an independent country from Portugal)
during the second quarter of the 19th century (particularly 1824, 1829, 1833, and 1844).
The Brazilian Emperor at that time (Dom Pedro II), was cognizant of the relationship
between land use and water availability, as well as the importance of vegetation to produce
a continuous supply of water [44].

It took more than ten years for the government to implement appropriate land pur-
chases, and several more to initiate forest management practices. From 1862 to 1874, Major
Manuel Gomes Archer, the designated forest manager, implemented an extensive reforesta-
tion process, working personally with a few slaves and following the following criteria of
prioritizing some slopes more threatened by erosion and areas for restoring the water flow
of rivers and streams; employing seedlings, in opposition to seeds or already grown young
trees; and using apparently random combinations of species, based on personal knowledge
of the distribution and incidence of the species in the region’s original forests [41]. During
this 13-year period, over 60,000 trees were planted, with a survival rate of around 80
percent [37]. In his last report, written in 1874, Major Archer concluded that all stream
sources with restored vegetation had released more water or remained at a stable level
compared to the same period before 1862 [42]. After Major Archer, Baron d’Escragnolle
continued reforestation and, additionally, began landscaping work for beautification pur-
poses, aimed at public use and contemplation. Under the coordination of the renowned
French landscaper Auguste Glaziou, the forest received corners, leisure areas, fountains,
and lakes.

In the 19th century, capturing water from the Tijuca National Park became a strategic
activity that was essential for supplying the city’s water supply. At the end of that century,
a complete network of small dams was established, capturing water from several rivers in
the park. After many years of relative abandonment, the 1940s saw a revitalization of the
Tijuca Forest, under the leadership of Raymundo Ottoni de Castro Maya, with the opening
of restaurants and the consolidation of internal roads and landscape projects by Roberto
Burle Marx.

Finally, in 1961, the area of the Tijuca Massif gained the status of a protected area under
the name of the Rio de Janeiro National Park, with 33 km2, changing its name to the present
one (Tijuca National Park) on 8 February 1967. On 4 July 2004, a Federal Decree expanded
the Park’s limits to the present extension of 39.51 km2, incorporating locations such as
Parque Lage, Serra dos Pretos Forros, and Morro da Covanca. Today Tijuca National Park
is considered the largest urban park in the world and leads park visits in Brazil (more than
4 million visitors in 2023).

The success of reforestation activities in the past led to the present UNESCO’s recog-
nition of landscape value. In addition to the original central target ecosystem service of
water security, the entire ecosystem has benefited, supporting today’s high biodiversity and
offering social opportunities for leisure and climate regulation for residents. This example
shows how an NbS can jointly deliver a group of ecosystem services, even when it initially
targeted only one.

3.2. Panama Canal Watershed

The 82 km long Panama Canal is one of the world’s major shipping routes. Approx-
imately 4% of global maritime trade (about 14,000 transits annually) passes through the
canal, with primary routes to and from East Asia and the east coast of the USA, as well
as Europe to East Asia and the west coast of the Americas. The canal also contributes
about USD 2.5 billion annually to the Panamanian treasury or about 3% of the nation’s
GDP. The direct contributions of the Panama Canal Authority to the National Treasury
were USD 2.08 billion in 2021 or about 3.1% of the country’s GDP in that year [45,46]. The
Panama Canal Authority (ACP) (referred to today simply as “Canal de Panamá”) operates
the canal, governed by its organic law that guarantees a significant degree of autonomy
by the National Constitution and requires that the ACP lead the coordination with other
institutions with sectoral authority in the canal area. The canal operates with a series of
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locks that raise and lower vessels from the ocean to the freshwater Lake Gatun, which was
created by damming the Chagres River over a century ago. Ocean-going vessels travel
33 km through Lake Gatun before being lowered to the other ocean through another series
of locks. In 1935 an additional dam was constructed upstream on the Chagres River to
provide additional water security for canal operations—resulting in the formation of Lake
Alajuela (Figure 4).

 
Figure 4. Map of the Panama Canal Watershed showing the canal and Gatun and Alajuela Lakes
and protected areas (in color). (Source: https://pancanal.com/; https://es.m.wikipedia.org/wiki/
Archivo:Areas_protegidas_de_la_cuenca_hidrografica_de_panama.jpg#globalusage accessed on 13
August 2024).

After more than a century of operations with the original locks, in 2016, the ACP
completed a major project that constructed wider locks handling larger Neopanamax
vessels. Unlike the original locks that release some 200 million liters of water to the
ocean during each transit, the new locks have the capability of incorporating water reuse
chambers resulting in less water per transit. The ACP claims that this water recycling saves
the equivalent water used in six daily transits [47]. Nevertheless, since 2019, the recycling
chambers have not been used consistently, and as a result, water use for canal operations
is higher than ever [48]. Water recycling has important potential because climate-change
predictions for Panama suggest that precipitation may decrease by about 10% over current
values in the coming decades [49,50]. The canal watershed has experienced significant
droughts in recent years (partially explained by strong El Niño events predicted to be more
extreme with climate change) that have led the ACP to reduce transits by one-third in
2023–2024 [51]. The 2023 season was the third driest in the history of the canal watershed,
with 30% less precipitation than expected, and as a result, the canal’s reservoirs only could
store about half of the normal water volume [52]. Normally, some 36–39 vessels transit the
canal daily. However, in 2023, the ACP was forced to reduce daily transits to 22 [53]. Low
water flows during the 5-month dry season (January to May) compounded with strong El
Niño events in 1982–1983 and 1997–1998 also resulted in major decreases in canal transits.

Additionally, Lake Gatun and Lake Alajuela are also the source of drinking water for
about 2 million residents of Panama City and Colon (about half of the country’s population).
The lower water levels in the canal reservoirs resulted in decreased supplies of potable
water to metropolitan areas in 2023–2024 [54]. Added to the decrease in precipitation in
the canal watershed from climate change, the increasing water demands from growing
urban populations (the population of metropolitan Panama City increased from 1,216,000
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to 2,016,000 persons between 2000 and 2024 [55].), and the land-use changes resulting
from the deforestation of the canal’s watershed have increased the vulnerability of future
operations of the canal.

The Panamanian Government’s policy until the 1980s promoted the “conquest of
the jungle” and encouraged small farmers to colonize forested lands and convert them to
pasture for cattle ranching and the cultivation of crops [56]. Wadsworth [57] compared maps
from 1952 and 1978 and concluded that, during this period, about 30% of the watershed
had been deforested. Other studies note that, between 1974 and 1991, the canal watershed
lost about 43% of its forests to urbanization, cattle ranching, and crop cultivation [58,59].
Constructed and administered by the United States, the Panama Canal and the colonial
Canal Zone began a period of gradual transition to Panamanian control with the signing of
the Panama Canal Treaties in 1976, resulting in complete Panamanian administration at
the close of the century. During this transition period, the binational canal administration
increasingly recognized the importance of protecting the watershed of the Chagres River
to guarantee the water supply for canal operations. A new environmental ethic based on
the importance of canal operations developed during the administrative transition of the
canal. Perspectives of scientists, canal administrators, environmentalists, and politicians
coalesced around recognition of the importance of the canal’s watershed and the green
forest infrastructure that provided water for the canal’s operations [56]. Additional concerns
focused on the increased sedimentation in the two lakes caused by the erosion of deforested
lands in the watershed. To this end, Panama created Chagres National Park in 1984 to
protect the upper watershed of the Chagres River, and the efforts of today’s ACP and
the Ministry of the Environment have significantly reduced deforestation within the park
boundaries. At the same time, the creation of the national park created adverse impacts on
the thousands of small farmers who live inside the boundaries of the protected area and
are limited in the land that they can farm using shifting agricultural techniques.

The passage of Law 19 in 1997, which created the Panama Canal Authority, increased
efforts to protect the watershed. The ACP adopted its regulation (Agreement 116) for-
malizing its environmental and watershed management responsibilities [60]. The formal
canal watershed, as defined by the ACP, consists of 343,521 ha covering seven political
districts, or about 4.5% of the national territory. The average annual precipitation in the
canal watershed ranges from 2500 to 4000 mm, with higher values in the primary tropical
forest of Chagres National Park [61]. Some 127,326 ha lie on the western side of the canal
(37.08% of the watershed). Much of the land on the canal’s western flank has been defor-
ested and today is grassland for cattle ranching. Three national parks (Chagres, Soberanía,
and Camino de Cruces) account for much of the land on the 216,195 ha on the eastern
side of the canal, and indeed, some two-thirds of the forested lands in the watershed [62].
Although urbanization and agricultural expansion have accounted for land conversion on
the eastern side of the canal, the land degradation is more extreme on the western portion
of the canal’s watershed.

Recognizing the importance of wise land use on the watershed, the ACP has embarked
on significant efforts during the past 20 years, particularly in the lands on the western bank
of the canal which have seen 75% of ACP’s investment in reforestation and sustainable
agricultural activities (Martinez, R., personal communication, 10 June 2024). One of the
initial incentives to promote both environmental and social sustainability was a cooperative
program of the ACP and ANATI (National Land Titling Authority) to survey land holdings
and grant land titles to small farmers. Formal titles created legal security for small farmers
and set the foundation for further support from the ACP. By 2023, more than 10,000 land
titles had been registered, largely in the Capira District in the western portion of the canal’s
watershed [51]. The ACP has created six watershed committees and 26 local committees
of locally elected members to facilitate ACP watershed management efforts and convey
community needs and concerns to the ACP [51].

ACP’s efforts have been channeled through its Program of Environmental Economic
Incentives (PIEA), which began in 2010 with the aim of fostering sustainable land uses and
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forest protection, thus providing water resources for canal operations and drinking water
for half of Panama‘s population. Interventions in rural areas, described below, improve
environmental conditions and the livelihoods of rural residents, income for families, and
employment. PIEA activities have been concentrated in the watersheds of the Cirí–Trinidad
Rivers in the extreme western area of the canal watershed.

Reforestation for conservation and commercial purposes is one major PIEA project.
Establishing vegetative protective cover helps increase dry-season water flows into Lake
Gatun and avoids sedimentation of the lake reservoirs and associated dredging costs [63,64].
By the end of 2021, over 3000 ha had been reforested, with the planting of 790,000 trees.
Over 1200 small- and medium-sized agricultural producers have benefited in Capira, Colón,
and La Chorrera Districts. These benefits include shade for crops, wind breaks, soil im-
provement, water conservation (quantity and quality), increased water infiltration and
reduction of erosion and sedimentation, carbon fixation, and support for biodiversity. The
ACP also utilizes payments for environmental services (PES) as incentives to maintain the
existing forested lands in the canal watershed. The ACP approved regulations formal-
izing PES application in 2018 [65]. By 2023, over 400 private owners of some 5150 ha of
existing forested lands have received financial benefits (about USD 100/ha/yr) under this
program [51,66].

PIEA has generated significant support for agroforestry projects—including planting
coffee, cacao, and fruit trees. The ACP supported the creation in 2012 of the Asociación
de Productores de Café de la Subcuenca de Ríos Cirí Grande y Trinidad (ACACPA) to
support sustainable and environmentally friendly production and commercialization of
coffee [67]. Shade-grown coffee farms have replaced the deforested lands used for cattle
ranching (Figures 5 and 6). ACP incentives include support for plantation establishment
and payment for farmers’ work for the initial year; provision of materials, tools, and
fertilizer; and technical support for an additional two years as the coffee farms become
sustainable. ACACPA’s 90 members successfully planted some 4000 ha of shade-grown,
organic robusta coffee by the end of 2021. Panama’s Ministry of Commerce and Industry
recognized the trademark of “Cuencafé” in 2018, and today, it is sold as a whole bean
or ground.

Figure 5. Shade-grown coffee berries in the Panama Canal Watershed (Photo, Jorge Muñoz).

Additional PIEA efforts focus on improved agricultural practices to reduce soil ero-
sion (and sedimentation of the canal’s reservoirs), increase yields, and improve farmers’
livelihoods. Interventions include the promotion of improved grasses for pasture, planting
of riparian buffers, living fences, planting of trees in pastures, cattle crossings of streams to
avoid erosion, crop rotation, and organic fertilizers.

173



Water 2024, 16, 2301

 
Figure 6. Shade-grown coffee bushes in the Panama Canal Watershed (Photo, Jorge Muñoz).

The ACP recognizes the close relationship between wise land use in the canal’s
watershed to guarantee sustainable flows of water for canal operations and provision
of potable water for half of Panama’s population while simultaneously supporting the
livelihoods of thousands of small farmers who reside in the canal watershed. Will the ACP’s
impressive efforts be sufficient to guarantee sufficient water for these multiple needs in the
future? Additional areas of action must include water-conservation measures by all users,
a revision of water pricing, repair and update of potable water infrastructure to minimize
water losses, continual use of the water-recirculating chambers in the Neopanamax locks,
and increased reforestation of the canal watershed. The current discussion surrounds
the possible extension of the canal’s legal watershed to the west with the diversion of
water from the Río Indio or to the east with a transfer of water from the reservoir of
the Bayano River [68,69]. Water for the canal is clearly a primary national objective for
Panama. The future portends growing conflicts among watershed stakeholders over the
use of increasingly scarce water [19]. We believe that reforestation efforts in the existing
canal watershed should be prioritized and enhanced before diverting water from adjacent
watersheds, which would lead to significant adverse social and environmental impacts.

3.3. The Ancient Weirs in Riverbeds—Alentejo Region, Southern Portugal

The Alentejo is Portugal’s largest region (Figure 7). However, despite occupying
around one-third of the national territory (31,551 km2), it is characterized by an aging
and poorly qualified population, with a low capacity to attract young people. Its gross
domestic product (GDP) per capita is below the national average. This region has the
highest rate of desertification and the lowest population density in Portugal (5% of the
national population) [70].

Historically, the main sector of economic activity in Alentejo has been extensive agricul-
ture and livestock farming—well adapted to climatic and environmental conditions [70,71].
The rural population is traditionally linked to the valorization of the natural heritage in a
territory with high biodiversity and many endemic species of conservation interest. How-
ever, today, the structure of this territory is potentially threatened by increasing changes in
land use, with the progressive replacement of traditional extensive agriculture by intensive
irrigated agriculture [72,73]. This production model emerged on a large scale after the 2002
construction of the Alqueva Dam, mainly due to a long-standing public investment in the
Alqueva irrigation system [48]. The project, with a long history (the first Alentejo Irrigation
Plan dates from 1957), was designed to supply water to Portugal’s driest region, which is
most prone to water scarcity and physical and human desertification processes [74,75].
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Figure 7. Location in red of the Alentejo Region in Portugal (38◦34′0.12′′ N; 7◦54’0′′ W) (https:
//en.wikipedia.org/wiki/Alentejo_Region accessed on 13 August 2024).

The Alentejo’s typical Mediterranean climate is characterized by warm and dry sum-
mers and cool and wet winters. The mean annual air temperature is around 18 ◦C, and the
mean annual precipitation is around 900 mm with a strong north–south gradient, reaching
values below 500 mm in the southeastern part of the region [76]. Thus, the river flow
regime is intermittent, with torrential flows in autumn/winter (November, December, and
January) and interruptions in summer (June, July, August, September, and October), with
long dry reaches, even on the main international Guadiana River (regulated since 2002 due
to the construction of the Alqueva Dam system) [77].

In the past, the rural population, uneducated and impoverished, adapted the agricul-
tural production model to the cycles of nature, taking advantage of natural resources and
finding natural solutions [72]. An example of these practices are the water mills located
on the banks of the Guadiana River and its tributaries, used to produce flour from differ-
ent cereals (Figure 8). The existence of water mills dates to at least the 13th century [78].
However, in the 19th century, the number of mills reached its peak, due to the increasing
population, and continued into the 20th century as a natural mode of production for large
plantations [79,80].

 

Figure 8. Water mills located on the banks of the Guadiana River, Southern Portugal (Municipality of
Mérola). The weir is located in front of the mill. (Photo, Luís Pavão).
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In 2002, during the construction of the Alqueva Dam, around a hundred mills of
different shapes and sizes were identified, built in such a way that their architectural
structure was not damaged when the flow rose (i.e., during winter after flood events)
and submerged the structure for periods of up to four months [80]. In very rainy years,
when the water level remained very high, preventing the mill from operating on the main
river (i.e., the Guadiana River), millers would search for similar structures on adjacent
tributaries with less water flow, where they would remain until the water level dropped in
the Guadiana.

Guita [80] identified 80 mills in an area of 1279 km2 on the Guadiana and its tributaries,
the smallest with drainage basins of 15 to 20 km2. In the municipality of Mértola, he noted
that one mill existed for every 16 km2 of surface area. Mill activity remained active until
the 1960s when more than 30 mills were in operation. The five remaining mills operating
in the 1980s closed before 1990.

These structures were kept in operation by weirs built in the riverbed with diversions
that channeled water where it was needed to grind grains. On the Guadiana River and
its tributaries, the dams were made of stones, fitted perpendicularly to the flow of water,
with the thickest section facing the outside of the construction, forming an arch closed at
the top by slabs [80] (Figure 9). These technologically simple but very resistant structures,
designed by master craftsmen, demonstrate knowledge of hydraulic engineering that is
remarkable for its simplicity, having withstood the passage of centuries. Today, after more
than 100 years in some cases, the weirs are completely integrated into the landscape and
form part of the cultural heritage. From an ecological perspective, they constitute important
water-retention zones, creating lentic habitats that are maintained all year round, even
during dry summer periods. Consequently, they are important refuge areas for aquatic
and terrestrial species, promoting biodiversity, ecological integrity, and the conservation of
ecosystems. On the other hand, these weirs, due to their heritage value, and also because
they retain water in natural pools, are important recreational areas for local populations
and are visited and preserved by local people.

Figure 9. General view of a water mill and weir on a temporary stream (Guadiana River basin,
Portugal) (Photo, Manuela Morais).

The mills, often built at pristine river sites, had the disadvantage of being relatively
isolated and distant from the population centers. Also, for this reason (i.e., the distance
to the supply centers), great care was taken to maintain the weirs that supplied the water
retained in the natural pools and additionally provided easily accessible food (fish caught
in natural pools).
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Abandonment of the mills and weirs was due to several factors, including the sub-
stantial reduction of bread baked in farmhouses, because of the mechanization of agricul-
ture [79]. Also decisive in this process were the migratory flows of the rural population
towards the industrialized centers of Portugal and Europe in the 1960s. Additional factors
were (1) the transformation of people’s eating habits, in which bread lost its value; (2) the
lack of able men to work as millers; (3) the colonial war between Portugal and its African
countries in the 1960s, which lasted until April 1974, with young people being recruited
all over the country; and (4) the competition from milling factories and the increased
production and widespread consumption of industrialized bread [71,79]. Generally, it was
precisely these reasons that led to the deactivation of traditional milling systems in Portugal
and other European countries.

The abandonment of mills, particularly the lack of maintenance of many weirs, led
to the desiccation of the natural pools and, consequently, the loss of biodiversity and
ecosystem degradation, increasingly being aggravated by the extreme drought phenomena
and the extension of the dry summer period resulting from climate change in the region.

4. Discussion

The three case studies briefly described above illustrate how ecosystem balance is
delicate and how human interventions in supporting natural processes can effectively
enhance ecosystem services. Although the cases vary in time, space, and scale, we can
distill several important lessons from their experiences, which can offer useful information
in other restoration scenarios.

The cases are illustrative of compliance with global agreements and policy goals.
All are fully aligned with the 2030 Agenda for Sustainable Development (AfSD), with its
Sustainable Development Goals (SDGs) and its Target 6.6 (“By 2020, protect and restore water-
related ecosystems, including mountains, forests, wetlands, rivers, aquifers and lakes”) to support
the achievement of the goal to ensure availability of water for all (SDG 6). Additionally, they
exemplify the recent United Nations General Assembly recognition of the importance of the
ecosystem approach for the integrated management of land, water, and living resources to
face water scarcity when it approved the United Nations Decade on Ecosystem Restoration
(2021–2030). The UNGA’s A/RES/73/284 Resolution asserts that member states should
“foster political will, the mobilization of resources, capacity-building, scientific research
and cooperation and momentum for ecosystem restoration at the global, regional, national
and local levels, as appropriate” and “to mainstream ecosystem restoration into policies
and plans to address current national development priorities and challenges due to the
degradation of marine and terrestrial ecosystems, biodiversity loss and climate change
vulnerability, thereby creating opportunities for ecosystems to increase their adaptive
capacity and opportunities to maintain and improve livelihoods for all”.

The Brazil and Panama cases highlight the important benefits, particularly of water
provisioning, resulting from the restoration and protection of tropical rainforests. Defor-
estation of the Tijuca Rainforest adjacent to Rio de Janeiro about two centuries ago caused
severe soil erosion and diminished the water supply for this important city in the Por-
tuguese colony. The Brazilian Emperor (Dom Pedro II) understood the relationship between
a sustainable water supply and wise forest management, protection of vegetation near
springs, and reforestation. As a result of these farsighted decisions, the Tijuca Rainforest
(now a remnant of the endangered Mata Atlântica) has gained national protection as Tijuca
National Park and international recognition as a UNESCO World Heritage Site of cultural
importance. Several centuries later, in Panama in the 1970s, administrators of the Panama
Canal became aware that the increasing deforestation in the canal watershed threatened
the operations of the canal, particularly during the 5-month dry season. To protect the
forest and its contribution to freshwater, the country designated several national parks on
the eastern bank of the canal that strictly limited further forest clearing. During the past
decade, canal authorities have dedicated significant efforts to support forest protection
on the western side of the canal in areas with many small farms. These efforts include
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reforestation projects, payments to farmers to protect existing forests, and support for the
cultivation of shade-grown coffee on lands that were previously pasture. The Panama
experience is recent compared to the Brazilian case, yet the results to date are positive.

The interdependence between ecosystem restoration and water, particularly in tropical
forest ecosystems, is clear. Forested headwater regions and also their protected springs
are considered critical in sustaining water provision because they control flows within a
catchment basin/watershed [81,82]. The role of forests in water provision and regulation
was recognized and attributed to several categories of ecosystem services, including pro-
visioning services (freshwater provision) and regulating services (flood regulation and
water purification, among others) [83], as can be seen in Figure 10. These functions are a
consequence of interactions between ecological processes and ecosystem structures [84].
According to Bonell [85], forest soils have many macropores associated with the high
density of roots and soil fauna activity that facilitate infiltration and the vertical bypassing
of the unsaturated matrix to reach the saturated zone more quickly. These characteristics
help forests both to regulate and provide water for the catchment basin.

Figure 10. Ecosystem services and benefits that forests provide. Figure based on [83].

The role of forests in water provision and regulation can be seen in a systemic view
by its action on the hydrological cycle. It can pump water into the atmosphere by evapo-
transpiration [35] or promote infiltration, storing water during the wet season and then
slowly releasing it during the dry season. In this way, the Tijuca Forest in Brazil keeps
rivers and streams with a modest but everlasting flow, and in Panama, forests also provide
water for economic purposes, particularly during the dry season. Similarly, the ancient
weirs in the riverbeds of Portugal’s Alentejo Region address water scarcity through water
storage. NbSs recognize interconnections between surface and groundwater and between
green and blue water in a systemic way. Restored forests can retain more water, and this
change in the hydrological distribution increases the availability of water for more plant
growth. Meanwhile, more water will infiltrate and, therefore, will be available to return
to surface water by groundwater surface discharge at springs. Ecological restoration per
NbSs slows down water cycling; decreases erosion and flooding; reduces water flushed
away; and improves the timing of water provisioning, keeping water in the local system. It
is the opposite of the intensification of the water cycle [86].

All three cases illustrate that, while there may have been a sole principal objective of
NbS activity, multiple benefits commonly result. The pioneering restoration experiences
with native species in the Tijuca Forest aimed to solve the problem of the water supply to
Rio de Janeiro. However, in the 20th century, restaurants opened, and landscaping projects
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were implemented in the protected forest. Today Tijuca National Park is an important
site for tourism and public recreation. As a UNESCO World Heritage Site and Biosphere
Reserve, the site is recognized for its spectacular cultural landscape and high biodiversity
in the endangered Atlantic Forest. As an urban forest, Tijuca also serves as an important
climate regulator and helps reduce air pollution. Likewise, in recent times, the protection
of the forests surrounding the Panama Canal had the primary purpose of providing a
sustainable water supply for canal operations. Nevertheless, today, the forests are also
important for providing potable water for half of Panama’s population and also generating
electricity. The national parks in the watershed are also biodiversity hotspots, important
links in the Mesoamerican Biological Corridor, and sites for ecotourism. Other efforts
in the watershed assist small farmers to adopt sustainable agricultural techniques and
improve their livelihoods. Thus, the ecosystem and social benefits of forest protection
are multiple. Similarly, in Portugal’s Alentejo Region, weirs on streams that served as
hydraulic structures to support water mills that ground cereal grains in the past today
help to moderate stream flow and retain water, particularly during dry seasons; attract
wildlife; and are sites where people can recreate. All these examples illustrate that, while
NbSs may initially focus on one ecosystem service, it can benefit a broad array of ecosystem
services that also benefit local communities. A key feature of NbS is the capability to
deliver groups of ecosystem services together—even if only one was originally targeted
by the intervention [21]. Moreover, ecosystem services (as a concept per se detached and
distinguished from economic fields such as valuation or privatization) link societal and
environmental systems [87].

NbS are well-suited to address different variables of climate change (increased temper-
atures, changes in annual precipitation, extended dry days, and heavier rainfall). Climate
scenarios for the Panama Canal Watershed and the Alentejo Region in Portugal suggest fu-
tures of diminished annual rainfall, and all three sites are projected to experience extended
periods of consecutive dry days [88,89]. Dereczynski et al. [89] predict longer dry seasons,
shorter wet seasons, and increased rainfall during heavy rain events in the Tijuca Forest.
Similar scenarios are predicted for Panama and Central America [90]. Forest protection
in the Tijuca Forest and Panama helps to maintain water flows in streams during dry
periods and mitigate rapid runoff carrying high sediment loads during heavy rain events.
Additionally, reforestation and the protection of existing forests serve as carbon sinks and
help mitigate climate change.

The IPCC estimates [88] that a decrease in water availability is expected in the Alentejo
Region in Portugal, with huge implications for the hydrological regime of intermittent
rivers. An extension of the dry season is expected, which will cause fragmentation of aquatic
habitats and loss of biodiversity. Consequently, these pressures threaten the sustainability
of ecosystems, the provisioning of ecosystem services, and ultimately, human well-being.
More broadly for the Mediterranean region, historical records show that the frequency and
intensity of droughts have increased since 1950 and that the length of the dry period without
flow is extending over time [91]. Temporary rivers with intermittent hydrological character-
istics are, therefore, expected to cover more than 50 percent of the global hydrographic net-
work [77,92]. Currently, it will be difficult to restore the ancient mills to produce cereal flour
as was conducted in the past. However, the weirs and their supporting hydraulic structures
that retain water are gaining increased importance by promoting water retention during
the dry season. During the summer, these weirs, perfectly integrated into the riverbeds, are
sites where aquatic and terrestrial species converge (Figure 11). Aquatic species recolonize
the system from these sites after the flow restarts with the first autumn rains. Terrestrial
species seek refuge in these cooler places that provide water and food. On the other hand,
these hydraulic structures, many of them integrated into the Guadiana Valley National Park
(https://natural.pt/protected-areas/parque-natural-vale-guadiana?locale=en accessed on
13 August 2024), are protected as places of leisure for local populations. These restoration
actions with natural materials (stones and sand), which rescue ancestral knowledge rooted
in regional culture, contribute to compliance with environmental policies, and, above
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all, constitute local NbSs that promote biodiversity and natural heritage by increasing
(i) the water-retention capacity; (ii) the availability of habitats for aquatic and terrestrial
species; (iii) the water quality and ecosystem integrity; (iv) the groundwater recharge; and
(iv) ecosystem services also related to the promotion of the values of built heritage. In
Southern Portugal, within the scope of different national and European policies, of which
the Water Framework Directive stands out requiring the achievement of Good Status for all
water bodies (Directive 2000/60/CE), actions that include the rehabilitation/reinforcement
of ancient infrastructures (mills and dams) are a priority [93].

 
 

(a) (b) 

Figure 11. A family of wild boars (a) and a fox (b) drinking water in a weir photographed with a
night camera (Guadiana River watershed, Southern Portugal). (Photo, André Oliveira).

NbSs often tend to emphasize ecosystem benefits above benefits to communities. Both
are integral components of the coupled human–natural system. The UN Resolution on
the United Nations Decade on Ecosystem Restoration (2021–2030) warns that ecosystem
restoration “needs to be carried out in ways that balance social, economic and environ-
mental objectives and with the engagement of relevant stakeholders, including indigenous
peoples and local communities”. While the Tijuca Forest provides a sustainable water
supply for nearby urban residents and areas for recreation and cultural appreciation, the
case suggests that social impacts may not always have been so positive. Due to its historical
context as a Portuguese colony, and prior to the abolition of slavery, the Emperor deter-
mined priorities, targeting the well-being of the Empire’s capital (Rio de Janeiro), and using
slaves for reforestation. Were communities displaced by restoration efforts? In Panama, the
designation of Chagres National Park in 1984 strictly limited the ability of small farmers
residing within the park’s boundaries to clear additional land for agricultural purposes.
While authorities have offered opportunities for additional livelihood activities, questions
remain regarding social equity. On the other hand, canal authorities are actively engaged in
promoting sustainable agricultural techniques that reduce sedimentation and rapid runoff
from streams in the watershed.

Finally, an important factor in the successful implementation of NbSs is good gover-
nance, institutional coordination, meaningful public involvement, and strong political will.

In Panama, the ACP possesses clear competence to coordinate interventions of other
state agencies and non-governmental organizations in the canal’s watershed through clear
statutory and constitutional mandates. The ACP encourages citizen involvement through
watershed management councils that bring community concerns to the ACP and also
permit authorities to explain their concerns and interventions. This is an example of nested
governance [94].

The Tijuca Forest case in Brazil offers a different historical context. Abandoned coffee
cultivation and the risk of strong water scarcity due to droughts led to degraded slopes
in the capital of the Brazilian Empire. As restoration was a direct order of the Emperor
and numerous slaves were used as workforce, the case is not completely compatible with
today’s realities. Nevertheless, the Tijuca Forest highlights some lessons about governance.
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This large ecological restoration effort required 13 years and, considering the present la-
bor laws, today could take much longer to meet the goal. On the other hand, modern
machines and reforestation tools could hasten positive outcomes. Both a strong commit-
ment from the government and compliance with restoration requirements are essential.
Moreover, considering the long timeframe required to obtain results and climate-change
scenarios, restoration efforts demand strong political will that persists despite short-term
political changes.

Finally, after successful ecological restoration, the result must be protected. The
creation of a protected area (Tijuca National Park plus recognition of World Heritage sta-
tus by UNESCO) combines environmental protection with recreational uses. Similarly,
a large portion of the Panama Canal Watershed enjoys national park designation. Pro-
tected status accompanied by an environmental education program with historical and
cultural components could help people, politicians, and decision makers appreciate the
restored landscapes.

Restoration efforts in Brazil and Panama offer clear and strong economic and social
benefits. The benefits of ecosystem restoration in Alentejo are not so immediate, however.
Most of the Portuguese water mills and their weirs have been abandoned, even though
they constitute an important cultural heritage and are integrated into the rivers’ ecological
functioning. In a few rare cases, parish councils consider them to be recreational areas
for local people and have undertaken restoration efforts. New incentives for restoration
may provide opportunities for Alentejo. The European Union’s new economic growth
strategy has placed climate change at the center of political decisions through the launch
of the European Green Deal (EGD) [95]. In line with this strategy, the EU launched the
Water4All partnership in the Horizon Europe program as an integrated approach to water
security in Europe because ‘water is central to all components of the EGD’. The Water4All
partnership was created to combat issues of fragmentation in research and innovation on
water-related topics and to facilitate change in water security and management in Europe
(in the sense of the more holistic approach referred to by Scott et al. [96]. In this context,
initiatives and calls for projects have been promoted to implement more sustainable solu-
tions together with stakeholders. The European Union aims to encourage cooperation and
provide technical assistance, particularly to European Neighborhood Policy South coun-
tries, to develop effective green growth and climate-governance mechanisms, especially
given the region’s particular vulnerability to climate change [97]. In this context, NbSs
gain increasing relevance as actions that address societal challenges through protection,
sustainable management, and ecosystem restoration, benefiting both biodiversity and
human well-being. The restoration of weirs, which are an integral part of the functioning
of rivers and landscapes in Southern Portugal, could be framed within this more holistic
approach. They can function as living examples of NbSs rescued from the past, which, if
well managed, would contribute to water retention, the promotion of biodiversity, and the
fight against climate change in a region where water will be a scarce resource.

5. Conclusions

Growing worldwide recognition of the importance of water and concern about its
limited availability to meet human and ecological needs considering global climate change
are leading to new strategies and solutions, including NbSs. Guidance for the transition
to a socio-environmental approach to ecosystem management exists at the global level
through the 17 UN Sustainable Development Goals [98], at the European level through
the European Green Deal [95], and through policies and programs in many nations. We
must invest in a new productive rationality based on the limits of the laws of nature,
ecological potential, social justice, the production of social meanings, and human creativity
that integrates “knowledge” without exclusion.

Nature-based solutions present a credible means to address key societal issues, such
as climate change, biodiversity loss, and environmental justice. Policy dialogues and
global awareness-raising initiatives need to be actively and consistently implemented to

181



Water 2024, 16, 2301

promote participation, develop a broad knowledge base, and support the adoption of
nature-based solutions on a large scale. For example, the promotion of interdisciplinary or
even transdisciplinary research into approaches to water scarcity, as well as the integration
of stakeholders, offers the possibility of creating clear frameworks and understanding
ecosystem functions and the coupled human–natural system. In fact, the factors affecting
the demand for water, such as changes in land use, perceptions of water scarcity, and
attitudes towards water use, are framed in social science understandings of how these
factors can be influenced by government policies and social norms [99]. Furthermore, a
new opportunity is emerging to make the social sciences more effective in improving water
management and understanding the drivers of water scarcity [100,101]. This approach
promotes public and private investment in nature-based solutions and is an essential
component of the transformational change needed to make our societies and economies
more sustainable and just.
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Abstract: With the rapid development of urbanization and industrialization, human activities have
caused marine pollution in three ways: land source, air source, and sea source, leading to the problem
of marine environments. Remote sensing, with its wide coverage and fast and accurate monitoring
capability, continues to be an important tool for marine environment monitoring and evaluation
research. This paper focuses on the three types of marine pollution, namely marine seawater pollution,
marine debris and microplastic pollution, and marine air pollution. We review the application of
remote sensing technology methods for monitoring marine pollution and identify the limitations
of existing methods. Marine seawater pollution can be effectively monitored by remote sensing
technology, especially where traditional monitoring methods are inadequate. For marine debris
and microplastic pollution, the monitoring methods are still in the early stages of development and
require further research. For marine air pollution, more air pollution parameters are required for
accurate monitoring. Future research should focus on developing marine remote sensing with data,
technology, and standard sharing for three-dimensional monitoring, combining optical and physical
sensors with biosensors, and using multi-source and multi-temporal monitoring data. A marine
multi-source monitoring database is necessary to provide an immediately available basis for coastal
and marine governance, improve marine spatial planning, and help coastal and marine protection.

Keywords: marine environmental monitoring; governance; marine pollution; coastal zone management

1. Introduction

The ocean is an important environment for humans, and its various types and scales of
currents result in the distribution of liquid and three-dimensional resources, which form an
important and unique system of marine resources and environment. The ocean is abundant
in biological resources, mineral resources, energy, and other resources, and it is attracting
increasing attention from the academic circle and industry. The rapid development of
industrialization and urbanization has led to a concentration of human activities along
coastlines, resulting in the degradation of coastal bays, marine resources, and the environ-
ment [1]. Generally, the coastal natural shoreline and coastal mudflat wetlands have been
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continuously reduced, the area of mangroves and coral reefs has been greatly reduced,
and the marine ecological environment has been polluted. The situation is becoming
increasingly serious, with increasing eutrophication of seawater and frequent occurrences
of marine ecological disasters such as brown tides, green tides, and red tides posing a
serious threat to migratory waterfowl and marine biodiversity. Meanwhile, the above
environmental pollution, biological extinction, and natural disasters have posed a threat to
the sustainable development of the coastal and marine environment. Dissolved organic
matter from sewage treatment plants, humus from farmland, anthropogenic shoreline
erosion, and the removal of native vegetation can cause significant increases in turbidity in
coastal waters [2]. For example, NASA satellite imagery has shown that the water quality
of Florida’s Tampa Bay decreases in the winter months compared to the summer. More
particles suspended in the water, a measure called turbidity, show up as yellow, orange,
and red in December (a) than in July (b) due to seasonal freshwater discharge from nearby
rivers and runoff into the bay, which carry nutrients (Figure 1). Hence, marine pollution
monitoring is of great significance in terms of both theoretical and practical value [3–5].
Marine environment monitoring is an essential step in maintaining the quality of the
marine environment and securing its ecology, and it is crucial for achieving sustainable
marine development.

 
(a) Winter (b) Summer 

Figure 1. Water quality of Florida’s Tampa Bay decreases (Picture source NASA/USF).

Remote sensing plays a crucial role in marine monitoring, including the ecological
monitoring of wetland, mangrove, coral reefs, and other key organisms (Figures 2 and 3),
the environmental disaster monitoring of oil spills and red tides, the mapping of mesoscale
coastlines, the measurement of chlorophyll-a, suspended sediment concentration, seawater
temperature in offshore areas, and the automatic recognition of key targets such as dams,
breeding areas, buildings, ports, bridges, and ships [6–8].

Based on a search of the Web of Science core collection from 2000 by using the keyword
“marine remote sensing," it can be seen that marine remote sensing monitoring is a crucial
aspect of marine ecological monitoring (Table 1). Remote sensing monitoring has been of
interest to scholars from institutions that have published a number of important papers in
this field, such as the Woods Hole Oceanographic Institution, the University of Washington,
the University of California, San Diego, Oregon State University, the Plymouth Marine Lab-
oratory, the First, Second, and Third Institutes of Oceanography, the Marine Environmental
Monitoring Center, the Marine Technology Center, the Tianjin Marine Environmental Mon-
itoring Center Station, the Ocean University of China, and Xiamen University in China.
Meanwhile, government agencies around the world, such as NASA, NOAA, CNRS, and
the Canadian Department of Fisheries and Oceans, invest heavily in research in this field.
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Meanwhile, NASA, NOAA, and other institutes have established specific research direc-
tions in marine remote sensing technology for marine research and also collaborate with
universities, whose research not only focuses on marine pollution monitoring, oil spills,
dissolved organic carbon, coral issues, and thermal pollution [9–13], but also large-scale
marine currents and air-sea interactions. For example, Chinese relevant institutes have
specially established a research department in the field of marine remote sensing. The
Second Institute of Oceanography of the Ministry of Natural Resources has taken the lead
in conducting research on seawater color remote sensing in China and has achieved fruitful
results in the mechanism and algorithm of seawater color remote sensing monitoring,
as well as the development of domestically produced software system platforms. Rele-
vant units such as the National Satellite Ocean Response Center and the North China Sea
Administration of the Ministry of Natural Resources have all implemented operational
monitoring applications for offshore oil spills. Furthermore, the Copernicus program also
made a lot of contributions, whose program is the Earth observation component of the
European Union’s Space program, which offers information services that draw from satel-
lite Earth observation and in-situ (non-space) data. Amounts of global data from satellites
and ground-based, airborne, and seaborne measurement systems provide information to
help service providers, public authorities, and other international organizations improve
European citizens’ quality of life and beyond. And organizations such as USEPA and US
IOOS are monitoring exhaust from ships. University of Delaware professors have used
remote sensing technology to monitor exhaust from ships.

Table 1. The top 10 related institutes of marine remote sensing monitoring and their research
directions.

Research
Institute

Number
of Paper

Country/
Region

Related Laboratory Research Direction

National Aeronautics
and Space

Administration
1506 United States /

Sea level rise monitoring; Marine
ecosystem research; Marine currents

motion research

National Oceanic and
Atmospheric

Administration

1276 United States
Pacific Marine

Environment Laboratory

Climate-weather research; Marine
ecosystem research; Ocean and coastal

evolution research

Global Monitoring
Laboratory

Greenhouse gases and carbon cycle
research; Changes in clouds, aerosols

and surface radiation research; Recovery
of stratospheric ozone research

Chinese Academy of
Sciences

1028 China
Digital Earth Key

Laboratory

Frontier theory and technology of earth
observation research; Earth big data

science and methods research; Digital
earth science and platform research;

Global environmental resources spatial
information system research

Key Laboratory of Infrared
Detection and Imaging

Technology

High-resolution infrared imaging
technology research; Hyperspectral
imaging technology research; Weak
target detection technology research;

High quantitative remote sensing
detection technology research

California Institute of
Technology 853 United States Linde Center

Earth climate change research [14];
Pollution impact research; Carbon

dioxide changes research

University of
Washington 617 United States

Applied Physics
Laboratory- Air-sea

interaction and remote
sensing

Sea-air exchange research; Coastal
research; Sensor research; Wave research
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Table 1. Cont.

Research
Institute

Number
of Paper

Country/
Region

Related Laboratory Research Direction

University of Maryland 576 United States
Earth System Science

Interdisciplinary Center
(cooperation with NASA)

Climate variability and change research;
Atmospheric composition and processes
research; Global carbon cycle research;

Global water cycle research

University of
California, San Diego 546 United States Scripps Institution of

Oceanography

Collect and process data on the Earth,
oceans and atmosphere by cameras,
lasers and various electromagnetic

sensors

University of Colorado 476 United States
Mortenson Center in
Global Engineering

Sustainable water treatment system
research; Field and remote sensing

research; Infrastructure resilience and
disaster recovery research

Earth Science and
Observation Center,

Institute for Research in
Environmental Sciences

Analysis of remote sensing data,
validation of data

University of Miami 445 United States Upper Ocean Dynamics
Laboratory

Experimental studies on coastal
circulation processes and

ocean-atmosphere interactions during
the hurricane

Woods Hole
Oceanographic

Institution
385 United States Claisen Laboratory

Studies on air-sea interactions and their
impact on weather and climate through
a wide range of measured and remote

sensing data

Note: The laboratory information is compiled from the 
o cial websites of various organizations. 

 

 

(a) (b) 

Figure 2. The polyedra algal bloom and oil spill of remote sensing images. (a) Landsat-8 RGB
(bands 4-3-2) composite in this study region on 16 July 2019; (b) chl-a concentration (mg/m3) after
atmospheric correction with ACOLITE for the same scene [15]. (A) MODIS; (B) MERIS showing the
site of the DWH oil spill in blue arrow [16].
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(a) (b) 

Figure 3. The LiDAR and MSI remote sensing images (a) show the spatial distribution of Chl-a
(conc_chl) C2RCC in the Kneiss Archipelago, Gulf of Gabes, Tunisia [17]. (b) the floating plastic litter
from space using Sentinel-2 imagery [18].

Previous studies have reviewed the literature in the remote sensing field from the
perspective of satellite functions and monitoring targets; however, they have not adequately
reviewed the field of marine pollution monitoring. Therefore, a global review of progress
in remote sensing monitoring of marine pollution is needed, which reviews the application
domains of marine remote sensing technology and the progress in marine pollution moni-
toring (Figure 4), serving as a reference for academic research and development efforts in
using remote sensing technology for marine pollution monitoring.

Figure 4. Framework of this study.
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2. Sources and Monitoring Indices of Marine Pollution

The overexploitation of marine resources results in the degradation of the marine
ecosystem and causes pollution, which damages the marine environment. The overex-
ploitation, including major river conservation projects, land reclamation projects, coastal
mining, offshore drilling, and mariculture, also leads to a shortage of marine resources and
has negative impacts on coastal marine resources and environments. The utilization of
marine resources varies in different regions due to differences in distribution, resulting in
different types of pollution, such as land source, sea source and air source (Figure 5).

Figure 5. Source and monitoring index of marine pollution. Note: monitoring indices and methods
from the Bulletin of China’s Marine Ecological Environment in 2020.

Land-source pollution has the widest distribution and largest quantity, accounting for
80% of the total marine pollution and having the most serious effect. Land-source pollution
can be divided into two types: point-source and area-source. Point-source pollution is
primarily composed of industrial waste water and domestic sewage that is collected and
treated through sewage networks and discharged into the sea through designated discharge
points [19,20]. Area-source pollution comes from agricultural runoff and livestock breeding
activities, which flow into the ocean through runoff [20]. The root cause of land source
pollution is human economic and social activity, which contributes to the negative impacts
of such activities on the marine environment [21]. This type of pollution is not limited to
coastal areas but is influenced by economic and social activities and is more pronounced in
offshore regions with intensive secondary industries and rapid economic development [22].
Additionally, human activities on land can cause eutrophication and biotoxicity in sea areas
through river dams and water storage projects and reduce river sediment discharge, leading
to coastal erosion and changes in river water and groundwater quality [23,24]. Coastal
tourism, being a popular form of tourism, also contributes to marine pollution through the
construction of tourist resorts, docks, and breakwaters, which fragment coastal habitats
and harm biodiversity, and through the pollution of seawater quality and the flow of beach
litter into the ocean from bathing beaches [25]. The water quality of direct discharge into the
sea is the main evaluation index for monitoring point-source land source pollution, while
the water quality of seaport rivers, beach water, marine debris, and microplastics is the
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main evaluation index for monitoring area-source land source pollution. Water quality is
primarily evaluated according to the “Standard for Seawater Quality” (GB 3097-1997) [26],
the “Standard for Surface Water Environmental Quality” (GB 3838-2002) [27] for rivers
flowing into the ocean, and the “Guide for Monitoring and Evaluation of Bathing Beaches”
(HY/T 0276-2019) for bathing beaches.

Sea-source pollution mainly refers to the pollution caused by human utilization of
the sea. Marine pollution offshore is primarily caused by fishing and aquaculture practices.
Overfishing has resulted in a reduction of fish resources, leading to the implementation of
non-standard practices such as beach aquaculture, offshore cage aquaculture, and pelagic
fishing, which negatively impact the marine environment by releasing nutrients and drugs
into the water [28]. This can also pose a threat to coastal biodiversity, affecting beaches
and mangroves [29]. Another significant source of marine pollution is marine engineering
activities, such as oil and gas field exploitation, which can result in oil spills, sewage
discharge, and seepage from eroded oil-bearing rocks. Additionally, the unregulated
discharge of waste water from cruise ships and cargo ships in coastal tourism contributes to
marine pollution [30]. Monitoring marine pollution includes monitoring the water quality
of fishery waters and the discharge of waste water from marine engineering activities. The
quality of fishery waters is evaluated according to the “Fishery Water Quality Standard”
(GB 11607-1989) [31], while monitoring of marine engineering pollution in dumping areas
and oil and gas fields should be based on the “Technical Regulations for Monitoring of
Marine Dumping Areas” and “Technical Guidelines for Environmental Impact Assessment
of Marine Engineering” (GB/T 17108-2006) [32].

Air-source pollution can be divided into transmission sources and local sources
(Figure 6). Transmission sources refer to the pollution in the air that is transported from
the land to the sea due to the influence of monsoons. Local sources refer to the pollu-
tants that are emitted directly into the sea, such as oil and gas field exploitation, marine
transportation, and fishing. The pollutants include SO2, NOx, CO, particulate matter,
and VOCs. Atmospheric pollutants fall onto the marine surface through dry deposition
and wet deposition processes [33]. Dry deposition involves the physical, chemical, and
biological processes by which atmospheric pollutants fall onto the marine surface, while
wet deposition involves ionic pollutants and soluble pollutants from the air falling onto
the marine surface through precipitation or water vapor condensation [34]. The evaluation
of marine atmospheric pollution deposition is mainly conducted based on the “Technical
Regulations for the Assessment of the Flux of Atmospheric Pollutants Deposition into the
Sea (Trial)” and includes the observation of the elements nitrate, NH4Cl, Cu, Pb, and Zn.

 

Figure 6. Mechanisms of marine atmospheric pollution transfer.
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3. The Utilization of Remote Sensing Monitoring in Marine Pollution

3.1. An Overview of the Development History and Present Situation

In 1960, the United States launched the world’s first meteorological satellite, TIROS-1,
and used it to collect data on the marine surface temperature field from an altitude of
approximately 700 km [35]. In 1978, the United States took the lead in the field of marine
observation with the launch of Seasat-1, the first satellite dedicated to observing coastal
seawater color [36], which marked the beginning of marine remote sensing monitoring. As
the importance of marine resources continues to be recognized, more and more countries
are investing in marine remote sensing technology to support monitoring efforts in the
fields of shipping, environment, military, and economics [36–38].

The sensors commonly used in marine research include seawater color sensors, in-
frared sensors, microwave altimeters, microwave scatterometers, synthetic aperture radars,
and microwave radiometers (Table 2). These sensors are capable of monitoring elements
from the marine surface to the upper, lower, and bottom topography and can be used to
monitor the seawater color and environment, as well as the marine dynamic environment
(such as the marine surface wind field, marine surface height, effective wave height, and
surface temperature) [39–41]. The sensors play a crucial role in monitoring islands, coastal
zones, and other targets, including the marine wave field, storm surge floodplain, internal
waves, sea ice, and oil spills. With the progress in microwave, infrared, and hyperspectral
remote sensing technologies and their wider applications in the water, ecological, and air
environments, the types of sensors available have become more diverse and specialized,
and the spectral bands more refined. For example, China has launched a series of marine
satellites, including HY-1C/D and HY-2B/C/D, equipped with new ultraviolet imagers,
onboard calibration spectrometers, automatic ship identification systems (Figure 7), and
other loads, providing a wealth of data for monitoring the global seawater color and
dynamics [42]. The spectral bands of remote sensing images are getting finer and finer,
forming multispectral, hyperspectral, and ultraspectral. At present, the spectral resolution
in the 100 nm order is called multispectral, such as a remote sensor in the visible light
and near-infrared spectral region only a few bands, such as the United States LandsatMSS,
TM, SPOT in France, etc. The spectral resolution is in the 10 nm order, which is called
HyPerspectral remote sensing. With the further improvement of the spectral resolution of
remote sensing, remote sensing enters the ultraspectral stage when the spectral resolution
reaches 1 nm. Hyperspectral and ultraspectral remote sensing are the frontier fields of
remote sensing technology. It uses many very narrow electromagnetic wave bands to obtain
relevant data from objects of interest so that substances that are not detectable in wide-band
remote sensing can be detected. Chuanpeng Zhao et al. [43] proposed a new approach with
solid improvements in dual-temporal image construction, misclassification processing, and
tacit knowledge analysis, generated an accurate coastal salt marsh map at a national scale,
and provided a classification mechanism for dual-temporal image-based coastal salt marsh
identification and mapping. Remote sensing technology has huge advantages in obtaining
real-time, large-scale, wide-area, and multi-period comparisons of basic coastal zone data.
However, due to the indirect reflection of the characteristics of each observation object
through the radiation and reflection characteristics of electromagnetic waves, the resolution
is lower than that of conventional ground or ship observation methods. In addition, the
presence of the phenomenon of homologous objects with different spectra and foreign
objects with the same spectrum makes it difficult to recognize and interpret images.
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Figure 7. Image observed by PALSAR-2, synthetic aperture radar onboard ALOS-2, at 10:23 (UTC)
on March 26 (a) around the Suez Canal; (b) extended image around the stranded ship (Picture source:
Earth Observation Research Center).

3.2. The Monitoring Data and Methods

Marine remote sensing has the unique advantages of all-weather, wide-range, and
long-term observation and is widely used in marine ecology and resources monitoring,
marine disaster monitoring, marine rights and interests maintenance, marine environmen-
tal prediction and security assurance, and other fields. Therefore, marine pollution can be
monitored and reversed based on marine remote sensing data. Marine pollution monitor-
ing can be classified into three aspects: seawater quality, marine debris and microplastic
pollution, and atmospheric deposition pollution. According to the application focus of
remote sensing, the remote sensing data products and research methods for monitoring the
pollution of these marine areas are analyzed.

3.2.1. Seawater Quality Monitoring

Marine remote sensing is widely used in a variety of fields, including marine ecology
and resource monitoring and marine disaster monitoring [46]. With the help of remote
sensing, it is possible to reverse and monitor marine pollution. The main environmental
indices monitored by remote sensing include the suspended solids content, chlorophyll-a
concentration [47], colored soluble organic matter, and other comprehensive pollution
indices [46,48]. To invert the quality of water environmental indices, a spectral model must
be established and combined with monitoring data. Remote sensing inversion is often per-
formed using visible light bands (Table 3), and various methods such as empirical models,
theoretical models, semi-analytic models, and others can be used (Table 4). The suspended
solids content in water can be reversed by fitting a formula that correlates the measured
suspended solids content with remote sensing reflectance or turbidity [49–51]. The concen-
tration of chlorophyll-a is a direct indices of eutrophication and organic pollution, and the
inversion methods of chlorophyll-a concentration include chlorophyll fluorescence, band
models, nonlinear mapping, and mechanism model methods [52–54]. Chromophoric solu-
ble organic matter is another important component of dissolved organic matter that can be
monitored remotely through the development of a remote sensing inversion model [55–57].
For example, red tides have posed a huge threat to the resources and environment of coastal
areas. Multi-spectral scanners can be used to monitor red tides, whose visible/infrared
multispectral radiometers can provide information on the location, range, water color
type, changes in phosphate concentration on the sea surface, and the direction of red tide
diffusion and drift to take timely measures to control them [58].
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It is difficult to find independent spectral characteristics in seawater quality indices,
such as dissolved organic carbon, water temperature [59], transparency, dissolved oxy-
gen, chemical oxygen demand, five-day biochemical oxygen demand, total nitrogen, total
phosphorus, etc. As a result, indirect remote sensing analysis must rely on the correlation
between different substances [60–62]. However, remote sensing monitoring also has limita-
tions, such as difficulty in estimating pollutants in the vertical dimension of water bodies
and the limitation of partial inversion to estimate only general parameters, not specific
types of marine pollution. Coastal human activities and the complex dynamic environment
of the sea can also affect the water quality, requiring higher performance from satellite sen-
sors to monitor it effectively through remote sensing technology [63]. Despite the progress
in remote sensing technology, the main drawback of physical-chemical sensor systems
is their lack of specificity and sensitivity and their inability to assess the environmental
concentration of most marine pollutants. In this regard, biosensors may offer the required
specificity and selectivity [64].

Table 3. The monitoring data for seawater quality.

Seawater Quality Indices Data

Suspended solids content Remote sensing data
Sentinel-3A OLCI [65], SPOT, Terra ASTER,
Landsat TM/ETM, Envisat MERIS [66],
COMS GOCI [67–69]

Measured data
Seawater sampling data, official water
environment monitoring samples,
measured spectral data

Chlorophyll-a
concentration

Remote sensing data

Non-space remote sensing data: AVIRIS,
CASI, OMIS, AISA, etc.;
Remote sensing data: Envisat MERIS,
CBERS-2 CCD, Terra/Aqua MODIS [70,71],
EO-1 Hyperion, Terra ASTER, Landsat
MSS/ETM+, HJ-1 CCD, et al.

Measured data Ground-measured spectral data: ASD,
GER, etc.

chromophoric dissolvable
organic matter

Remote sensing data Sentinel-2 [72], Landsat 8 OLI, SeaWiFS,
Aqua/Terra MODIS [73], etc.

Measured data Water sampling data

Table 4. The monitoring methods for seawater quality.

Methods Characteristics

Empirical models (single band model,
band ratio model, multiple regression
model, nonlinear model, machine
learning)

Based on the relationship between water spectral
information and measured water quality parameters, the
algorithm is relatively mature and the process is simple,
but it lacks physical basis

Theoretical model

The combination of water quality spectral characteristics
and statistical analysis has a certain physical basis, but
for the model requiring higher precision, the process is
more complicated and the universality is poor

Semi-analytical model

Based on the relationship between apparent optical
quantity and measured water quality parameters, it has
a strong physical mechanism and good universality,
despite the difficulty of model establishment [72]

The quality of seawater can be negatively impacted by large-scale pollutants such as
red tides, green tides, and oil spills, especially due to increased human activities leading to
increased inputs of nitrogen and phosphorus in the ecosystem (Table 5) [74–77]. Remote
sensing technology plays a crucial role in monitoring such events by monitoring the sea-
water quality indices over large areas [78,79]. The research has shown that the multi-band

199



Water 2023, 15, 3491

ratio method can be used to monitor floating algae and reduce interpretation errors [80–82].
Several algorithms have been proposed, including the Floating Algae Index (FAI) [83,84],
the Normalized Algae Index (NDAI) [85], the Virtual Baseline Index of Floating Algae
Height (VB-FAH) [86], and the Multi-Spectral Green Tide Index (MGTI) [87,88]. However,
these algorithms require complex and accurate atmospheric correction procedures, which
can increase the complexity of interpretation. To address this, Zhang Hailong et al. devel-
oped the Floating Algae Index (FGTI) based on the DN values of different satellite data,
and Chen Ying et al. [89] proposed the Green Tide Index (TCT-GTI) algorithm based on the
Tassel Cap Transformation method, which requires no atmospheric correction.

Table 5. The Monitoring data and methods for marine green tide pollution disaster.

Author Time Satellite/Sensor Waveband Range Algorithm Characteristics

Hu [78] 2009 Aqua/Terra
MODIS V, NIR, SWIR Floating Algal

Index

It is less sensitive to changes in
environment and observational
conditions (aerosol type and thickness,
sun/observational geometry, and solar
brilliance) and can penetrate thin
clouds, providing a simple and
effective means of atmospheric
correction and making it easier to
establish image-independent
thresholds to monitor and quantify
planktonic macroalgae.

Shi et al.
[85] 2009 Aqua/Terra

MODIS SWIR Normalized Algae
Index

The effect of atmospheric molecular
scattering is removed, making the
NDAI more sensitive to the radiance
signal from the marine surface [85].

Son [90] 2012 GOCI V, NIR GOCI floating
green tide index

The muted or subtle signal of
planktonic green algae is enhanced and
separated from the surrounding
complex water signal [90].

Xing et al.
[86] 2016 HJ-1A/1B V, NIR

Virtual Baseline
Index of Floating
Algal Height

Even without the use of the shortwave
infrared (SWIR) band, VB-FAH appears
to be comparable to the planktonic
algal index (FAI).

Zhang et al.
[88] 2016 GF1 WFV, HJ CCD V Multispectral

Green Tide Index

It can effectively eliminate the influence
of external interference, such as
suspended sediment and thin clouds,
and has low sensitivity to the
environment [88].

Zhang et al.
[91] 2019

GF-1 WFV1,
GF-1 WFV3,
HJ-1B CCD,
Landsat-7 ETM+,
GOCI

V, NIR, SWIR Floating algae
index

The use of tasseled cap transformation
is more powerful than traditional
NDVI (normalized vegetation index) in
responding to perturbations from
environmental conditions,
observational geometry, sunlight, and
thin cloud pollution [88,91].

Chen et al.
[89] 2020 GOCI V Green Tide Index No atmospheric correction is

required [89].

Monitoring red tides can be conducted by using the spectral and temperature char-
acteristics of the affected water bodies and through the analysis of optical satellite data
(Table 6). The main methods of red tide remote sensing monitoring include the Chlorophyll
Concentration Anomaly Method, the Red Tide Index (MRI), the Rrs Band Ratio Method,
the Red Band Difference (RBD), the RBD_ KBBI (Karenia brevis Bloom Index), and oth-
ers [92,93]. Jiang Dejuan et al. [92] emphasized that the effectiveness of red tide monitoring
is dependent on the type of sensor, algorithm, and remote sensing time. Therefore, it is
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necessary to combine field survey data or ERGB images with the remote sensing data to
verify the accuracy of red tide monitoring in different times and regions [94,95].

Table 6. The monitoring methods for the marine red tide pollution disaster.

Research Methods Characteristics

Chlorophyll concentration anomaly
method

It characterizes the most important characteristic
parameters of red tide but is usually overestimated.

Red tide index
It can enhance the difference between the red tide water
body and the surrounding water body; therefore, it can be
used for the determination of red tide.

Band ratio method Using the ratio of reflection and absorption bands of red
tide water bodies, we can extract red tide information.

Red band difference method The method is based on the high fluorescence property of
dinolflagellate water bloom.

RBD_ KBBI The red tide monitoring index proposed is based on RBD.
Note: Compiled from references [92].

Marine engineering encompasses a variety of activities, including marine dumping,
marine oil and gas transportation, and others. The main source of seawater quality and
environmental degradation in the ocean is oil spills caused by ships during berthing at
ports, navigation, and accidents [96,97]. Early monitoring, tracking, and diffusion of
oil spills is crucial in designing effective algorithms for remote sensing monitoring [98].
However, the current methods for oil spill monitoring often overlook the space-time
characteristics and laws of the interaction between oil spills and the ocean [99]. Different
remote sensing technologies, such as microwave radar, optical (multi/hyperspectral remote
sensing), thermal infrared, and others, can be used to monitor marine oil spills. Microwave
radar remote sensing is one of the main methods and is based on the different absorption
and transmission properties of water and oil in electromagnetic waves. This method is
mainly used to extract the oil spill extent by identifying the “dark pixel” feature in the
microwave radar image [100,101]. Spectral response characteristics of oil spill simulation
experiments can be used to identify, classify, and quantify the types of oil spills [102,103].
Optical remote sensing can also be used for the identification and classification of oil
spills [104–106]. Solar reflected light can be used to monitor the oil spill thickness on
the marine surface; however, the monitoring range is limited to less than 0.4 mm due
to the different absorption, scattering, and reflection effects of oil spills on incident light.
Thermal infrared remote sensing has a larger monitoring range; however, the ability to
monitor oil spills is weaker than that of optical remote sensing due to the differences in
existing spaceborne sensors [107]. In a study of oil spills caused by marine accidents,
Lu Yingcheng et al. [105] used a GF-3 SAR image to delineate “suspected oil spills” and
analyzed the optical anomalies of the “Sanji” oil spill incident in the East China Sea in
2018 using Sentinel-2 multi-spectral remote sensing data (MSI) from the European Space
Agency. This study resulted in the optical remote sensing identification and classification
of different types of oil spills. Huang Ke et al. [104] used GF-1 satellite data along with
a thin oil film thickness model to calculate the oil film thickness of the oil spill area and
estimate the oil spill caused by the explosion of the Huangwei oil pipeline in Qingdao in
2013. Remote sensing monitoring of oil spills at sea is influenced by marine environmental
conditions, such as marine surface wind speed, and therefore, a combination of sea wave
spectrum and wind wave information is necessary for further research [108,109].

3.2.2. Debris and Microplastics Monitoring

Marine debris and microplastics have a significant negative impact on marine organ-
isms, ecosystems, fisheries, and tourism [110,111]. The monitoring of these pollutants in the
ocean through remote sensing can be effectively accomplished by using sensitivity analysis,
optical simulation, and satellite image spectral analysis (Table 7) [112,113]. The reflection
spectra of known marine floating objects can be utilized for this purpose [110,114]. Most

201



Water 2023, 15, 3491

of the research and monitoring of marine debris is focused on plastic waste and utilizes
optical sensors operating in the visible light, near-infrared, and short-wave infrared spectral
ranges, as well as SAR sensors and other image data sources [115]. However, microplastics
are plastic pollutants with a diameter of less than 5 mm and cannot be effectively identified
through satellite images due to their small size. While there have been efforts to observe
microplastics In water, through optical means such as lasers and polarization, there is
still a significant gap in terms of satellite observation. SAR sensors are commonly used
to monitor marine debris and microplastics by identifying surface active agents on the
marine surface. The classification methods for marine debris monitoring are mainly manual
classification, use of indices, spectral classification, or machine learning [115]. The use
of unmanned aerial vehicles and artificial intelligence for monitoring beach litter is an
emerging field [116]. Machine learning has been shown to significantly increase the speed
of screening for marine debris, operating 39 times faster than human screening in cases of
low sensitivity [116]. The development of a spectral characteristic model for marine debris
or microplastics is also an area of exploration. Goddijn-Murphy et al. proposed a reflection
model based on geometric optics and the spectral characteristics of plastics and seawater to
describe the interaction between sunlight and floating microplastics on the marine surface.

The use of satellite data are useful tool in monitoring marine debris as it can provide
repeated global coverage data at various scales and resolutions, which is not possible
through field observations or remote sensing with ships, aircraft, or unmanned aerial
vehicles. However, the limitations of optical satellite data include limited temporal coverage
due to fixed time and factors such as the sun, clouds, atmospheric aerosols, sensor saturation
on surfaces such as ice, sand, or snow, and a high solar zenith angle. Additionally, the
spatial resolution of satellite data are typically greater than 1 m, making it difficult to
monitor marine debris smaller than this resolution [117]. For the limitation, it is possible to
solve this problem by improving the accuracy of remote sensing observation instruments.
Furthermore, through multi-band remote sensing observation methods, we can gain a
deeper understanding of the electromagnetic wave characteristics of ground objects and
separate information from different observation objects.

Table 7. Remote sensing monitoring data and methods for marine debris and microplastics.

Author Time Band Range Satellite/Sensor Types of Plastic Waste Monitoring Methods
Classification

Methods

Hamilton
[117] 2015 MW RADARSAT-2

Marine surface float (marine
bacteria associated with

surfactants)

Observe oil slicks to monitor marine surface slicks
using the association among bacteria produced by

surfactants and oil slicks (Hamilton et al., 2015)

Machine
learning

techniques

Aoyama
[118]

2016 NIR/SWIR Worldview-2 Marine debris Find common spectral features associated with the
presence of plastic [118]

Spectral
classification

method

2016 NIR/SWIR Worldview-3 Buoys around fishing nets Propose the spectral angle mapper (SAM)
classification method [118]

Spectral
classification

method

Kurata [119] 2016 MW RADARSAT-2
Marine surface float (marine

bacteria associated with
surfactants)

Observe oil slicks to monitor marine surface slicks
using the association among bacteria produced by

surfactants and oil slicks [119]

Machine
learning

techniques

Davaasuren
[120] 2018 MW

Sentinel-1A,
COSMO-
SkyMed

Microplastics (surfactants,
sea mud and biofilms)

Observe oil slicks to monitor marine surface slicks
using the association between bacteria produced

by surfactants and oil slicks [120]

Machine
learning

techniques
Goddijn-
Murphy 2018 V~SWIR -- Floating microplastics Model the reflection of sunlight interacting with

the marine surface of floating microplastics Model building

Howe [121] 2018 MW TerraSAR-X
Marine surface float (marine

bacteria associated with
surfactants)

Observe oil slicks to monitor marine surface slicks
using the association between bacteria produced

by surfactants and oil slicks [121]

Machine
learning

techniques
Topouzelis

[115]
2019 V, NIR Sentinel-2A Artificial floating plastics

(water bottles, LDPE plastic
bags and nylon fishing nets)

Supervised classification [108]
Machine
learning

techniques
2019 MW Sentinel-1

Biermann 2020 V, NIR, SWIR Sentinel-2 MSI Piece of floating large plastic
Develop novel float index (FDI) algorithms to
monitor floating plastics and distinguish them

from natural floats
Usage index

Kikaki [111] 2020
V, NIR Planet P

Floating plastic debris

Monitor and validate floating plastic debris by
systematically recording and assessing the spectral

characteristics of pure floating plastic and
distinguishing it from other floating materials on

the marine surface (e.g., Sargassum, foam)

Manual
classification

NIR, SWIR Sentinel-2 MSI
NIR, SWIR Landsat-8 OLI
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3.2.3. Inversion of Atmospheric Pollution Deposition

The monitoring of atmospheric pollution deposition typically involves measured data,
model simulations, and remote sensing. Atmospheric pollution deposition in the ocean can
be classified into three sub-categories that are influenced by the distribution of aerosols:
clean ocean, marine minerals, and marine pollution [122]. Therefore, the monitoring of
atmospheric pollution deposition can be conducted through aerosols. Remote sensing
by satellite is a highly effective research method for observing the global distribution
of aerosols, their optical properties, and their radiation effects due to the large spatial
and temporal variations of aerosol distribution [123]. Aerosol optical thickness, a key
parameter of aerosols, characterizes atmospheric turbidity and is a critical factor in deter-
mining the impact of aerosols on climate [124,125]. Some of the satellite sensors used to
monitor atmospheric pollution deposition include the Global Ozone Monitoring Exper-
iment (GOME), the Atmospheric Mapping Scanning Imaging Absorption Spectrometer
(SCIAMACHY), the Ozone Monitor (Aura OMI), the Interferometric Infrared Atmospheric
Detector (METOP/IASI), the FY-3 Total Ozone Detector (FY-3 TOU), and the UV Ozone
Vertical Detector (FY-3 SBUS) of FY-3 [126,127].

Remote sensing monitoring calculates the concentration of deposition according to the
formula by reversing the density of the vertical gas column, and then calculates the dry and
wet deposition flux in combination with the dry and wet deposition calculation formula. For
example, Dong Haiying et al. [124] used Terra MODIS data to reverse the 10 km resolution
aerosol optical thickness and analyzed that the aerosol concentration gradually decreased
from the coastal waters to the outer sea due to the influence of land-based pollution
components, and there was a high aerosol optical thickness in the coastal Bohai Sea, the
Yellow Sea coast, and the Yangtze River estuary. SeaWiFS aerosol optical thickness products
can be used to study aerosol distribution and change characteristics. Hao Zengzhou
et al. [128] analyzed the aerosol distribution in China’s sea area and found that the average
aerosol optical thickness in the eastern China sea area has a zonal distribution centered on
the middle latitude and has seasonal changes. From spring to winter, the aerosol optical
thickness shifts from the high latitude sea area to the low latitude sea area, and the scope is
also gradually expanding. Mao Ying [122] over the sea air will be visible infrared imaging
radiometer VIIRS, medium resolution imaging spectrometer MODIS, stationary seawater
color satellite imager GOCI, and geosynchronous meteorological satellite AHI H8 aerosol
optical thickness product data combined with field measured data. Compared with other
aerosol optical thickness remote sensing products, GOCI aerosol optical thickness products
show the characteristics of high sampling frequency and high precision.

The inversion results of aerosol optical thickness remote sensing products are affected
by a variety of factors, including the signal-to-noise ratio of the sensor itself, the accuracy
of the calculation of the surface reflectance of the underlying surface, and the rationality
of the selection of the preset aerosol model [122]. At the same time, the frequent human
activities and pollutant emission and diffusion, as well as the unique physical geography
and hydrological conditions of the sea area, will cause the sea area reflectivity to include
many factors, not only the atmospheric impact but also the role of the seawater itself, which
is more obvious in the coastal sea area.

4. Conclusions and Future Prospects

4.1. Conclusions

This paper summarizes the progress in the application of remote sensing for marine
pollution monitoring. Coastal areas are subjected to various forms of pollution from land,
sea, and air sources due to the difference in urbanization and industrialization, leading
to a degradation in the quality of the marine environment and having significant impacts
on marine ecology. Remote sensing monitoring of marine pollution encompasses various
aspects, including seawater quality, marine debris and microplastic pollution, and the inver-
sion of atmospheric pollution depositions. With the launch of various marine monitoring
satellites, remote sensing provides a wealth of data sources to monitor marine hydrology
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and environmental parameters. Remote sensing can provide information on environmental
parameters and habitats and monitor human activities, thus improving the marine envi-
ronment to some extent (Figure 8). Monitoring seawater quality and temperature mainly
uses remote sensing of seawater color and temperature, which is effective in monitoring
seawater quality deterioration and large-scale coastal seawater quality changes during
disasters. The methods of monitoring marine debris and microplastics have evolved from
remote sensing inversion to machine learning. The research into remote sensing monitoring
of marine atmospheric pollution deposition, which only quantifies atmospheric pollution
through aerosol thickness, is inadequate. It is crucial to integrate measured data, remote
sensing monitoring, and information services to achieve comprehensive monitoring and
assessment of marine pollution. Moreover, there are a number of marine remote sens-
ing products worldwide; however, there are significant differences in accuracy and other
aspects of similar products in different countries, leading to technical barriers that pose chal-
lenges to marine governance decisions and environmental protection in various countries
and regions. Therefore, developing three-dimensional monitoring techniques, combining
different types of sensors, and establishing a comprehensive marine monitoring database
is of great significance, along with data, technology, and standard sharing, to monitor the
marine environment and realize the sustainable development of marine resources.

Figure 8. The extraction process of marine pollution data. Note: Redraw from reference [8].

4.2. Future Prospects
4.2.1. The Tendency of Three-Dimension in Marine Monitoring

Despite its practicality, remote sensing monitoring has limitations in its ability to iden-
tify and quantify the majority of marine pollutants. Due to the complex three-dimensional
nature of the ocean, most remote sensing methods can only obtain information from the
upper layer, with the exception of the altimeter used for rough sounding. The best condi-
tions for optical sensors to penetrate the seawater surface are up to 27 m, while air sensors
can only reach up to 46 m [129,130]. This resolution limitation of the image data affects the
vertical dimension of marine pollution monitoring and assessment and cannot provide a
quantitative method for tracing the levels of individual substances. Thus, the development
of remote sensing technology that can monitor deep-sea pollution is a crucial goal for
the future [117,131]. Although monitoring the deep sea may monitor less pollution than
the upper sea, three-dimensional marine observation remains the key direction for the
progress of remote sensing technology. Furthermore, multi-source data integration with
three-dimensional ocean numerical models for marine pollution monitoring should be
used. Observations obtained through remote sensing and sensors are not sufficient to
project the 3D structure of the marine environment. Hence, 3D hydrodynamic and ocean
circulation modeling should be developed.

4.2.2. The Tendency of Multi-Source Data Fusion in Marine Pollution Monitoring

Despite the progress in remote sensing technology and the increasing availability of
data, the accuracy of remote sensing data products can still be impacted by environmental
factors such as spatial-temporal variability in the sky and on earth. The diversity of human
activities in the ocean also limits the validity of remote sensing data for marine pollution
monitoring. Currently, marine pollution monitoring primarily relies on field observations,
utilizing biochemical indices, rather than solely relying on remote sensing. To improve the
accuracy and reliability of marine pollution monitoring, it is necessary to integrate remote
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sensing with other monitoring tools, such as ship sensors, buoy sensors, aircraft sensors,
and marine ecological reserves/biosensor networks.

Remote sensing technology, such as high-resolution imaging, multi-spectral and hy-
perspectral, fluorescence, and Raman molecular spectroscopy, can be used to measure
different types of pollution; however, it is still not enough to replace on-site observations.
For example, the movement of pollutants in the ocean is influenced by complex hydro-
dynamics and marine circulation, making it difficult for remote sensing technology to
accurately track the diffusion of marine pollution. Additionally, micropollution may not
cause large-scale pollution, and it is challenging to quantify using remote sensing alone.

Therefore, multi-platform and multi-means integrated observation technology is
necessary for accurate marine environmental monitoring. This includes the establishment
of a marine remote sensing database, which integrates satellite, aviation, ship, and shore-
based data to provide a comprehensive monitoring system for marine environmental
monitoring. The development of technology for collecting, storing, processing, analyzing,
and utilizing multi-source data will be crucial for the progress of marine remote sensing.
By providing timely information to the government and relevant entities, this database can
support disaster prevention, mitigation, and the launch of emergency plans.

In addition, the importance of ground measurements and alternative satellite cali-
bration systems (e.g., MOBY, AERONET, and GOOS) cannot be overlooked. The Marine
Optical Buoy (MOBY), a radiometric buoy stationed in the waters off Lanai, Hawaii, has
been the primary basis for the on-orbit vicarious calibrations of all three US ocean color sen-
sors and numerous international satellite sensors since late 1996 [132]. The aErosol rObotic
NETwork (AERONET) program is a federation of ground-based remote sensing aerosol
networks established by NASA and PHOTONS. For more than 25 years, the project has
provided a long-term, continuous, and readily accessible public domain database of aerosol
optical, microphysical, and radiative properties for aerosol research and characterization,
validation of satellite retrievals, and synergism with other databases. The Global Ocean
Observing System (GOOS) consists of a variety of observation means and is committed
to obtaining and disseminating reliable assessment and forecasting information on the
present and future state of the marine environment for the effective, safe, and sustainable
use of the marine environment.

4.2.3. The Benefit for the Sustainable Utilization of Marine Resources

The relationship between marine resources and the environment determines the sus-
tainable utilization of the ocean, and remote sensing technology for monitoring marine
resources and the environment can enable the effective implementation of marine spatial
planning. In the governance of marine resources, remote sensing methods are used to
strengthen the survey of the reserves and distribution of various marine resources and
monitor the impact of human activities on marine development and environmental pol-
lution. Based on the principle of unified coordination of economic, social, and ecological
benefits, by studying the intensity and methods of human utilization of the ocean, we
improve marine spatial planning, ensure the rational use of marine resources, and promote
sustainable development of the marine economy. In addition, comprehensive monitor-
ing data based on remote sensing databases is also the decision-making basis for marine
scientific utilization.
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