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Preface

The blue economy concept has developed strongly over the last decade or so. By 2030, the global
blue economy is expected to be worth more than USD 3 trillion. Fisheries represent one of the oldest
sectors of the blue economy, and involve crucial activity for income generation, employment, food
security and poverty reduction in some of the world’s poorest countries. Fish remains one of the
world’s most traded food commodities, with per capita consumption continuing to increase. However,
global fisheries face significant challenges, including the impacts of marine litter, declining stocks, and
illegal, unreported and unregulated (IUU) fishing activity, all coupled with increasing demand from
the world’s growing population. While fisheries are expected to remain a vital sector, particularly
for developing countries, further sustainable expansion of the sector will require transformative blue

policies.

Ben Drakeford
Guest Editor
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Abstract: This study reviews various financing solutions available for fisheries and aquaculture
development in Caribbean small island developing states (SIDS) and Barbados, Grenada, and St. Vin-
cent and the Grenadines. Previously identified financing needs within the fisheries and aquaculture
sectors have been matched with the most suitable financing mechanisms. However, the use of blue
levies is recommended and applicable in almost every scenario, as they allow these sectors to drive
their own development in financing research and conservation projects to their own benefit. The use
of “blue tokens” with sufficiently low repayment coupons allows development projects to gather
public support for fisheries, thereby increasing the likelihood of the project being successful through
community buy-in. The possibility of natural capital being traded as public equities as “Natural Asset
Companies” provides the opportunity for development projects to fund themselves. The review
concludes that natural capital can be leveraged as the base through which public-private partner-
ships (PPPs) can facilitate optimal delivery of ecosystem services, benefit multiple stakeholders, and
provide numerous development opportunities. An enabling environment for debt and lending with
low-interest loan repayments is also applicable to almost every scenario, as it facilitates access to
capital finance for infrastructure development and the acquisition of increasingly sustainable fishing
equipment. Steps towards generating an enabling environment for financing fisheries and aquacul-
ture in the Caribbean region are also discussed. The establishment of dedicated financing institutions,
PPPs, and sufficient data reporting infrastructure for the fisheries and aquaculture industry are
essential for driving development in these sectors. Likely, the largest limiting factor in financing
Caribbean fisheries and aquaculture industries is a lack of awareness of the range of finance and
financing mechanisms available to stakeholders, as well as an enabling environment for financing
blue Economy sectors. This review is thus intended to aid financing institutions, Blue Economy devel-
opers, and specifically Caribbean fisheries and aquaculture stakeholders and Caribbean governments
by raising awareness of the financing mechanisms available, encourage the incorporation of their use
in the fisheries and aquaculture industries in the Caribbean, and encourage policymakers to create an

enabling environment for financing development in these crucial sectors.

Keywords: Caribbean Blue Economy; fisheries and aquaculture; natural assets; SIDS financing;
sustainable finance

Key Contribution: Review and matching of the most suitable finance and financing solutions to
previously identified development needs for the fisheries and aquaculture sectors of Caribbean Island
States. Their associated implementation and necessary structures for incentivizing their use through
an enabling environment are also discussed.

1. Introduction

In recovering from the restrictions placed on countries due to the COVID-19 pandemic,
the development of the Blue Economy, and by extension, fisheries and aquaculture, has
been heralded as an option for the greatest sustainable development [1]. The rise of the
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Blue Economy is seen as an avenue through which countries can coordinate and develop
their aquatic resources for sustainable economic, environmental, and social development,
especially small island developing states (SIDS) such as those in the Caribbean [1] and in
particular Barbados, St. Vincent and the Grenadines, and Grenada.

Currently, fisheries in Barbados, Grenada, and St. Vincent and the Grenadines land
approximately 6000 tonnes of fish per annum and are not able to satisfy local consumption
needs [2]. Fish imports have increased over the last decade due to high demand, with
fish consumption at a high international level in Barbados (around 40 kg/capita/year)
and mid-level in Grenada and St. Vincent and the Grenadines (27 and 20 kg/capita/year
respectively; Ref. [2]). Population forecasts show a slight increase in the population of these
3 countries by 2030 and then a decrease to reach their 2015 levels [2]. This indicates that
the pressure on fish resources as a result of demand is not likely to increase. Moreover,
the economic and social importance of aquaculture and inland fisheries is currently low in
these countries [3]. Marine capture fisheries are of greater importance as they employ a
significant fraction of each country’s labour force (23,500 people in total), which generates
significant national revenue [4]. However, the failure to integrate fishery data into economic
value (especially from artisanal, subsistence and small-boat fishing) [3] risks a potential
underestimation of the contribution these fisheries sub-sectors have in contributing to the
national Blue Economy.

Coastal and marine habitats provide multiple important ecosystem services which
contribute to the Blue Economy sectors in the three countries [5]. In terms of fisheries and
aquaculture in the Caribbean region, marine and coastal habitats (namely mangroves, sea-
grass beds and coral reefs) provide noteworthy functions to capture fisheries, specifically as
breeding grounds, nurseries and feeding grounds that contribute to productivity. Activities
or phenomena that degrade or reduce these habitats (i.e., a reduction in either area or health)
will likely diminish the provisioning of these services, as a healthy environment underpins
the economic activities dependent on it [5]. Moreover, a single ecosystem concurrently
contributes to several ecosystem services [5], emphasising the potential significance of these
systems to a country’s well-being and national Blue Economy development. The economic
price of replacing these ecosystem functions and services when a degraded ecosystem can
no longer deliver them will be extremely high [4]. A rough estimate of the total contribution
of mangroves, coral reefs and seagrass beds is USD 800 million annually for all three of
the countries [6]. Moreover, the natural capital (living natural resources such as plants, ani-
mals, and ecosystems) in Grenada, Barbados, and St. Vincent and the Grenadines is being
depleted, owing to anthropogenic drivers, specifically coastal development, overfishing,
introduction of invasive species, pollution, and the impacts of climate change [3,7-9].

Currently, there is insufficient infrastructure in place for the economic-value devel-
opment of the fishery sector, nor for the expansion of the aquaculture sector, particularly
where sector-specific policies are not aligned to the Blue Economy concept nor integrated
into national or regional development planning [4]. The Blue Economy in the three case-
study countries is still in the early stages of development [4]. Despite the significant natural
resources of Barbados, Grenada, and St. Vincent and the Grenadines, as well as the op-
portunity to implement integrated Blue Economy approaches, the rate of adoption has
been relatively slow. Currently, insufficient infrastructure is in place for the development
of the fisheries and aquaculture sectors of Grenada, Barbados, and St. Vincent and the
Grenadines [4]. However, the potential of these sectors is significant, but only if the ap-
propriate development investments are made [4]. In addition, the current regulatory and
policy environment is also inadequate for attracting investment and funding for the Blue
Economy (and thus fisheries and aquaculture) [4].

Significant development funding, including official development funding (ODA) and
other official flows (OOF), has been directed to the Caribbean region (Table 1; Ref. [10]).
The Caribbean region receives an estimated 8.8% share of the total global ODA funding
(Table 5 p. 20 in [11]). However, Grenada, St. Vincent and the Grenadines have received
relatively small amounts of development assistance compared to other countries in the
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Caribbean (Table 1). There is no recorded data available for development finance allo-
cated to Barbados after 2010 [10]. Since receiving development funding support, neither
Barbados, Grenada, nor SVG have developed stable, productive national economies nor
sustainable local societies. This may be due to the comparatively limited funding received
by these countries, which highlights an opportunity for significant national development
through increased funding support in these countries. There is no pattern in this data
(Table 1) to suggest that the amount of ODA funding is likely to increase significantly
going forward, further highlighting the need for innovative financing mechanisms to be
developed in these countries. In implementing such mechanisms, these countries could
generate development finance themselves and reduce their reliance on ODA funding sup-
port for national development goals. The development of the Blue Economy of Grenada,
Barbados, and St. Vincent and the Grenadines could generate the synergies needed to
facilitate long-term finance [4].

Table 1. Total official flows (sum of ODA and other official flows) to Caribbean states from 2016 to
2022 (represented in millions of USD, from [10]).

Country 2016 2017 2018 2019 2020 2021 2022
Grenada 6.41 1.09 0.65 1.65 3.42 3.30 2.26

St. Vincent and the

Grenadines (SVG) 2.99 4.30 0.63 10.92 3.75 591 9.12
Montserrat 44.13 41.76 39.04 36.36 47.19 37.37 42.74
Haiti 744.43 712.668 635.033 463.29 483.40 434.89 450.21
Caribbean (total) 367.91 1254.48 1221.13 748.764 984.413 1292.16 1104.86

The aquaculture and fisheries sectors of Barbados, St. Vincent and the Grenadines
(SVG), and Grenada are currently underdeveloped yet have the potential to contribute
to each country’s Blue Economy once commercially viable [3,4]. The financing needs for
Caribbean fisheries and aquaculture sectors have recently been identified by March et al. [4],
contextualising the challenges and opportunities in the sector. This paper continues to
build on the work of March et al. [4] by discussing solutions and options for public and
private financing for aquaculture and fisheries development in Barbados, Grenada, and St.
Vincent and the Grenadines (as part of the ‘SDG Joint Fund Programme: Harnessing Blue
Economy Finance for SIDS Recovery and Sustainable Development’ consultancy) as this
has not yet been conducted in the available literature, such that the “right investments can
be made”. The paper also discusses steps towards generating an enabling environment for
blue financing in the Caribbean. While the paper focuses on Barbados, St. Vincent and the
Grenadines (SVG), and Grenada, its content is not limited to these countries and may be
applicable to SIDS in the greater Caribbean region as a whole. This review is intended to
aid financing institutions, Blue Economy developers, and specifically Caribbean fisheries
and aquaculture stakeholders, governments, and decision-makers.

2. Approach

This review supplements and directly builds upon this previous research [4], which
contextualised the fisheries and aquaculture sectors of Grenada, Barbados, and St. Vincent
and the Grenadines. Together, the current work and March et al. [4] constitute the findings
of the ‘SDG Joint Fund Programme: Harnessing Blue Economy Finance for SIDS Recovery
and Sustainable Development’ consultancy. This manuscript’s content is based on a litera-
ture review of relevant documents relating to the financing of fisheries and aquaculture
sectors, as well as stakeholder engagement and consultation through workshop events. The
consultation process involved correspondence and meetings with parties with vested inter-
ests at a national level, comprising state and various sector representatives at the industrial,
semi-industrial, and small-scale levels, who are able to implement blue financing strategy
and identify gaps and needs in the current system (under the ‘SDG Joint Fund Programme:
Harnessing Blue Economy Finance for SIDS Recovery and Sustainable Development’). The
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consultation was necessary for the identification of projects that would be suitable for blue
financing solutions and was conducted from October 2022 to December 2022. A series of
regional workshops were also hosted during this period and included the countries of
Barbados, St. Vincent and the Grenadines, and Grenada, as well as regional development
organisations, specifically the United Nations Environment Programme (UNEP), United
Nations Development Program (UNDP), and the Fisheries and Aquaculture Organisation
(FAO). Participants varied over the course of the workshop series. However, workshops
consisted of a minimum of 20 different stakeholders per workshop. In-person workshops
were run over the course of a workday and involved presentations and Q&A sessions
concerning prepared questionnaires that were developed for different stakeholder groups
(as above).

March et al. [4] identified financing needs for the fisheries and aquaculture sectors
of these countries, highlighting the development needs of the national aquaculture and
fisheries sectors, the lack of adequate policy and regulatory frameworks for the sectors
as well as the structuring of the respective national blue economies, and highlights the
specific opportunities for the development of the fisheries and aquaculture sectors of these
countries. The authors state that dedicated blue financing funds and mechanisms are
needed for the development of the currently immature aquaculture sector [4], which can
be applied to the fisheries sector as well. The authors identify the need for an enabling
environment for such development and the necessity of contextual analysis to develop
tailored financing options and solutions for the fisheries and aquaculture development
within each respective country’s context [4]. The content of this manuscript is in direct
response to the needs and opportunities identified by March et al. [4] by proposing the
“how” of mobilising finance for facilitating the development of the fisheries and aquaculture
industries in Grenada, Barbados, and St. Vincent and the Grenadines.

Section 3 reviews proposed financing solutions (specifically) available for the common
development needs and priorities for fisheries and aquaculture development (as identified
in [4]). The proposed range of financing solutions (non-exhaustive) was synthesised from
the author’s own experience in developing national Blue Economy strategies and from the
advisory documents for other island nations (such as Madagascar in [12] and Seychelles
Blue Economy Action Plan, in [13], Africa Blue Economy Strategy, in [14], among others).
Non-return-seeking finance solutions (like public finance) have been omitted from this
review as they are unlikely to incentivise investment by not providing any benefits for
potential investors who engage with them. Mutual benefits (i.e., benefits for both/multiple
parties involved) form the basis of the mechanisms discussed herein. Furthermore, given
that investor returns are fiscally based, fisheries and aquaculture development are generally
assumed to be reflected by changes in industry/sector productivity (which is easily quantifi-
able as catch/production data) as a result of improved ecosystem health. However, industry
development may also include other indicators, such as increases in job creation or in the
nutritional quality of fish products. The financing solutions are summarised in Table A1:
Summary of various financing mechanisms for use in fisheries and aquaculture sectors of
Caribbean states. (Appendix A), with their optimal use case being contextualised with the
previously identified common financing needs among the case study countries in Table A2:
Linking financing instruments with financing needs in the fisheries and aquaculture sectors
in Barbados, Grenada, and St. Vincent and the Grenadines (Appendix A).

Section 4 discusses the development of an enabling financing environment for fisheries
and aquaculture, the features of which are recommended to be developed in each of
the case study countries. Section 5 concludes the paper, emphasising key take-aways in
financing fisheries and aquaculture development in Grenada, Barbados, and St. Vincent and
the Grenadines.
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3. Finance vs. Financing Solutions

A framework that supports sustainable long-term financial support for fisheries and
aquaculture development requires the distinction between finance and financing and the
integration of the two in a clear, targeted manner.

Finance is the mobilisation of fiscal resources, but (“throwing money/currency at
the problem”) should not be viewed as a once-off solution to solve the challenges that
face the fisheries and aquaculture industry. For finance to be invested in sustainable
fishing practices, the goal /purpose of new and sustainable fishing techniques needs to be
communicated to current and prospective fisheries stakeholders, as well as the legitimacy
of sustainable management practices [15] to increase investor confidence and buy-in. The
legitimacy of sustainable management practices and fishing methods can be communicated
by providing evidence of widespread consensus (regional/global or among the scientific
community) as to the practices used, a historical track record of mutual benefit (between
investors and the industry), and the presentation of reliable data that represent the impact of
the sustainable methods in question by reliable indicators in the relevant industry. Examples
can include the amount of national public finance that is allocated to the development of the
national fisheries and aquaculture sectors, ODA funding, and development project funding
for fisheries and aquaculture projects [15]. Public authorities are encouraged to support the
transition of current fishing mechanisms to more sustainable practices, as well as promote
an environment which upholds and maintains the regulations and development of fisheries
and aquaculture. Much of the funding that is available to support sustainable (fisheries and
aquaculture) development is from grants for time-limited projects, which can inhibit the
momentum of innovation [15]. A further potential disadvantage of short-term funding is
that the experience and expertise built up in short-term project teams are not retained, and
thus, the stakeholder relationships that build trust between government bodies and public
sector officials at the termination of the project [15,16]. For these reasons, it is unlikely
that finance alone will be able to incentivise consistent development in aquaculture and
fisheries and identify the need for long-term financing structures and frameworks [15,16].

Financing includes the fiscal mechanisms or arrangements that facilitate returns on
investment (whereas finance itself does not inherently seek any returns [15,16]. These
include debt and equity instruments, insurance products, securities, derivatives, and others.
These mechanisms encourage the maintenance and development of whatever initiatives
they are invested in, which will consistently produce a return on investment, making them
more suited for long-term sustainable development projects.

The consistent supply of seafood and the concurrent conservation of marine ecosystems
will require financing from both public and private fisheries and aquaculture stakeholders.
The conservation of natural ecosystems and exploitation of marine capital can be both rev-
enue sources and costs, and they are in need of financing [15,16]. Capture fisheries and
aquaculture (as well as other terrestrial-based industries) exert pressure/strain on marine
ecosystems. The aim is thus to create financing mechanisms and frameworks that facilitate
industry initiatives /operations to limit negative ecosystem impacts and promote environmen-
tal sustainability. The protection of ecosystems provides critical services (such as supplying
safe nursery environments for juvenile fish) for the production of seafood for a country’s
people, even if conservation and maintenance costs are likely to be greater than the revenue
produced. This is particularly important for Caribbean countries as the region’s economy is
largely centred around tourism and ecotourism, which is reliant on inherent natural capital.
Prioritising the funding and financing of natural assets of Barbados, Grenada, and St. Vincent
and the Grenadines not only benefits the fisheries and aquaculture sectors but also synergises
with the tourism sector and the development thereof.

3.1. Fiscal Policy for Fisheries and Aquaculture Development

Fiscal policy covers state spending and the state’s generation of revenues. State
governments also have multiple sources of revenue: taxation, fees (from government
authorisation documents like licences), state asset ownership, state-owned enterprises
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(SOEs), and relations of debt and credit [17]. Budgetary governance is also classified as
fiscal policy and deals with the administrative and institutional systems that control the
fiscal flows of the state [18].

Table 2 summarises different financing structures that may be applicable to the de-
velopment of Caribbean fisheries and aquaculture. These can be applied to the relevant
environments and ecosystems that are aligned with the interests of aquaculture and fish-
eries development. State-owned enterprises with environmental objectives, state-mandated
tourist fees and revenues generated, and leases and licences are all (directly or indirectly)
part of environmental fiscal policies. However, different parts of public fiscal policy can
be revenue generators and liabilities at different times and at different levels of the or-
ganisation. For example, state-owned enterprises with positive profits generate revenue
for governments, but they can also be a liability due to their indebtedness. The specific
application of fiscal policy thus requires an in-depth understanding of the relevant industry
(fisheries and aquaculture) for optimal use as a development mechanism, including gov-
ernment support of lending activities that promote sustainable development or minimise
environmental harm.

Table 2. Government financing structures that are applicable to the development of Caribbean
fisheries and aquaculture.

Type of Arrangement Description

Environmental taxes

An environmental tax is meant to target activities that cause environmental
degradation or pollution, but this does not imply that the tax has a proven
effect in terms of minimising environmentally degrading or polluting
activities. Rather, the minimum definition of an environmental tax is that it
increases the costs of pollution activities [19]. Nonetheless, the actual
application of an environmental tax is likely to have the effect of incentivising
some activities whilst disincentivizing others.

Leases, licences and fees

Whereas a tax is compulsory, a lease, licence or fee can be seen as a form of
exchange between a public authority and a (legal) person, which grants the
latter a certain right or privilege. Another difference between this category of
public fiscal revenues and taxes is that these leases, licences and fees remain
stable regardless of the incomes that the payer may generate as a result.

State-owned enterprises (SOEs)

SOEs are rarely thought of as part of fiscal policies. Nonetheless, they are and
many of the types of companies that have historically been state-owned
around the world have some clear environmental impacts. Public utilities
companies such as water companies and energy companies quite explicitly
have an environmental aspect since they usually have environmental quality
or resource efficiency as key objectives. Other types of SOEs, like
transportation companies, may increasingly incorporate environmental
objectives. SOEs can be run with a focus on generating profits, but they can
also seek to strategically increase public goods and services through their
operations.

SOEs can be a source of revenue when they generate profits while their
inventory and equipment can be seen as capital goods. Meanwhile, SOEs can
also hold liabilities in the form of debt.
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Table 2. Cont.

Type of Arrangement Description

Debt and lending

Debt can be an income for public entities as well as a cost and liability.
Lending from development banks under national control, lending from
sovereign wealth funds and debt in the form of deferred taxes (with potential
interest added) are examples of the state as creditor and debt as a source of
public incomes. By contrast, sovereign debt is a continuous source of public
expenditures. Lending practices, both when the state is the creditor and
debtor, can be explicitly targeted towards the objectives of sustainable
aquaculture and fisheries development. (see Section 3.3)

Public finance support (government subsidies)

Public finance such as grant funding or philanthropic contributions (while not
directly a financing mechanism as previously defined) can be used as a
financing mechanism to garner private investment. This can be performed in
the form of government subsidies, where public finance is directed towards
development mechanisms or initiatives that also require further private
funding to be implemented. The total cost of the fiscal contribution from the
private sector is lowered, thus incentivising private investment in an industry
(fisheries and aquaculture).

This mechanism can thus facilitate affordability of industry (aquaculture and
fisheries) development for the private sector.

Blue Levies and Stakeholder Taxation

Several countries impose levies that are targeted at environmental protection, usually
in the form of environment or tourism enhancement levies. Similarly, this kind of mech-
anism can be used to enhance the fisheries and aquaculture industries in various ways,
such as environmental protection, MPA management, and infrastructure development.
These levies are usually applied in different ways, at different rates and at different levels
of organisation, like on importation, consumption, accommodation, service, or travel. For
example, the British Virgin Islands (a known SIDS country) imposed an Environmental
and Tourism Levy of US$10 to be paid on arrival at all ports of entry [15]. The tourism,
hospitality, cruise and charter, extraction, and ports and ship-building industries could
be potential targets from which the proceeds of blue levies could be directed to support
fisheries and aquaculture in Barbados, Grenada, St. Vincent and the Grenadines.

Environmental taxes (or levies) could be applied to organisations that rely on natural
resources on which fisheries and aquaculture industries are reliant as well and are known to
negatively affect those environments. However, the degree to which this occurred may not
necessarily have been quantified [20]. The fisheries industry is known to pollute the marine
environment, such as due to the use of old and outdated equipment that breaks and is lost
at sea [21-23] and thus should not be exempt from this kind of tax (they could also be taxed
for unacceptable bycatch of non-targeted species). The proceeds from these taxes could
then be used to reverse the degradation and further improve the environment or intensify
the ecosystem service these areas provide to fisheries [20]. Similarly, an organisation can be
incentivised to proactively develop these environments of importance and, in exchange,
receive specific tax exemptions, thereby fostering an enabling environment of coastal
systems protection, which would ultimately benefit the fisheries and aquaculture sector.
Potential industries that can be targeted are tourism, terrestrial agriculture, fisheries and
aquaculture, and maritime transport. A regional environmental tax could be established
to support fishing grounds shared by multiple states or multiple sectors, ensuring that no
one country or industry is more negatively affected by another (similar to the idea of the
“tragedy of the commons” with many actors depleting unregulated finite resources [24]).
This would require transparency and control over the number of vessels from each country
allowed to access such a particular fishing ground. Various mechanisms for managing and
regulating shared resources have been discussed elsewhere [25].

Environmental taxes and fees were, on average, 1.19% of the Latin American and
Caribbean (LAC region) GDP in 2019 [19]. This level was slightly lower for Barbados, which



Fishes 2024, 9, 305

only generated taxes equivalent to 0.81% of its GDP ([19]; numbers are not included for
Grenada and St. Vincent and the Grenadines). Caribbean environmental taxes, as a share
of GDP, were roughly equal to the entire LAC average and were greater than that of South
America and below Central American and Mexican tax levels [19]. There is an opportunity
for increased environmental taxes and fees in countries like Barbados for development
revenue generation, where existing taxes and fees fall below regional averages or when the
current taxes as a proportion of national GDP are generally limited (for example, less than
3% of national GDP).

3.2. Compensation Mechanisms for Natural Capital

Compensation can be classified as a type of fee payable for the renting of a resource
or for degrading a natural asset or ecosystem (but this needs to be quantified). The
design of compensation mechanisms can vary immensely. These mechanisms can be
designed to directly benefit the environments that underpin extractive industries, such
as capture fisheries and unsustainable aquaculture, particularly payment for ecosystem
services (PES schemes) and biodiversity offsetting. By contrast, where compensation is
linked to environmental outcomes, levies, fees, or licences are not necessarily linked to
environmental outcomes, but their proceeds may still be directed to benefit fisheries and
aquaculture (non-environmental benefits).

Payment for ecosystem services (PES) schemes are known by five characteristics [26]:
“(1) a voluntary transaction where (2) a well-defined ecosystem service (ES, or a land-use
likely to secure that service) (3) is being ‘bought’ by a (minimum one) ES buyer (4) from
a (minimum one) ES provider (5) if and only if the ES provider secures ES provision
(conditionality).” PES schemes thus entail the voluntary buying and selling of ecosystem
services based on the seller protecting an ecosystem.

Although PES implementation mechanisms for marine sustainability have been limited
in the Caribbean region, they can be designed to benefit the ecosystems that provide the
underlying support for fisheries in the Caribbean region. Most historic PES schemes
are drawn from the forestry industry and indicate that PES can work as a subsidy [27],
encouraging resource users to implement environmentally sound practices [28]. This can
take the form of fisheries stakeholders using fishing equipment that is less damaging to
the environment (such as moving to trawling as opposed to dredging). Despite most PES
programmes being thought of as a market-based approach, most programmes are based on
compliance with government regulations [29]. However, these subsidy-PES programmes
are only as good as the (government) authorities that implement them since PES requires
enforcement of regulations. Subsidy-based PES schemes are potentially more difficult for
cash-strapped governments to maintain.

Carbon sequestration, biodiversity protection, watershed protection and ecosystem
beauty are central types of ecosystem services [26], and these benefit several industries
beyond just aquaculture and fisheries (replenishing fish stocks and providing safe nursery
grounds). Biodiversity offsetting, carbon and other nutrient trading credits, as well as
listing natural environments or protected areas on the stock exchange, are other forms of
PES that are able to finance the natural environments that support and underpin fisheries
and aquaculture. Table 3 summarises a few examples of PES for marine environments
that support fisheries and aquaculture (but more detailed information is presented in
Trends [30]).

As an example, the CARIPES project (started in 2011) aims to facilitate the active
participation of coastal fishermen in the conservation and sustainable use of available
marine resources in Caribbean marine protected areas (MPAs). The project further aims
to leverage the use of local fishermen’s knowledge of the coastal and marine biodiversity
within pre-established MPAs, facilitate resilience development among marine ecosystems
towards global climate impacts, and develop appropriate PES schemes in the Caribbean
through the use of such local knowledge. The project has been active in the islands of
Grenada, St Eustatius, and Martinique and further endeavours to generate avenues for
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the development of compensation mechanisms (payments for ecosystem services) while
supporting fishers reaping the associated economic benefits of such protected areas. Such a
project could be replicated on other islands of concern, such as Barbados and St. Vincent
and the Grenadines.

Table 3. Examples of payment for ecosystem services for marine environments (based on
Trends [30]).

PES Type

Elaboration Examples

Regulated markets

Fishing can in different ways be governed through
mechanisms that can reasonably be seen as PES. On
the most simple level, recreational fishers are in
some jurisdictions required to pay for fees or hold
annually paid licences.

Another example are individual transferable quotas
(ITQs) that are used to allocate annual fishing rights
within an exclusive economic zone (like quota’s per

Cap and trade markets require
resource users to hold a purchasable
right to the resource they use. It sets a
limit to resource use and allocates a
tradable share of the resource to an
asset owner.

A licence is not necessarily tradable
and the issuer of a licence does not
necessarily set a limit to damages to
an ecosystem, but it still constitutes a
transaction based on compliance.

fishing ground). ITQs can then be traded and leased
amongst fishers. By using the regulated ITQ
marketplace, a sustainable fishery and ecosystem
services market can be achieved [31], through the
trading of rights to exploit the fish provisioning
service of an ecosystem within identified sustainable
harvesting limits. The rights to a proportion of the
total fish population (fishing quota) has to be
identified beforehand and the total harvestable
quota must be within the sustainable harvesting
limits of the ecosystem, for this mechanism to be
effective.

Government mandated fees related to ecosystem
services can likewise be seen as a form of PES based
on compliance. This can for example be tourist fees
associated with entering (marine) protected areas,
that in this case are of importance to fisheries and
aquaculture.

Voluntary transactions

Voluntary PES transactions can
involve private and public sector
actors alike. Governments, private
individuals, NGOs and development
organisations can all pay private
actors to change practices or avoid
harm to ecosystems.

The Marine Legacy Fund of Tanzania is an example
of voluntary PES. It is a revolving fund whose
original sources of revenue as well as its spending
can be seen as forms of PES. It gains revenue from
tourist fees, fossil fuel taxation and fishing licences.
However, the fund uses this revenue to finance the
protection of coastal habitats and important marine
sectors. Whereas its sources of revenue are based on
compliance, its spending can be seen as voluntary
PES. This kind of structure can be applied to
countries individually, or regionally, due to shared
fish stocks (or other shared resource use).

Stakeholders (public or private) that make use of the same natural environments
on which fisheries and aquaculture rely (eco-tourism, for example) can be mandated to
contribute to its optimal natural functioning, maximising the ecosystem services they
provide to the aquaculture and fisheries industries, which would also benefit other sectors
such as the tourism industry.

3.2.1. Biodiversity Offsetting

Biodiversity offsetting is a form of compensation that is based on counterbalancing
any lost biodiversity from a development project by investing in equivalent biodiversity
somewhere else, thus aiming to maintain biodiversity despite economic development (or
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environmentally harmful extraction processes). It is relevant to consider biodiversity offset-
ting here as it has previously been used to preserve marine biodiversity and wetlands [32].
The ideal application of biodiversity offsetting is the application of the “mitigation hi-
erarchy” when considering the predicted negative biodiversity impacts of development
initiatives [33,34]. If developers follow the mitigation hierarchy (avoidance—minimisation—
restoration—offsets), they should try to avoid negative impacts in the first place, secondly
consider the minimising of impacts, thereafter restoring any negative impacts stemming
from the development, and finally using biodiversity offsets to compensate for the un-
avoidable biodiversity loss stemming from development projects [33]. Thus, biodiversity
offsetting is only meant to counter biodiversity loss, which cannot be prevented [34].

In the case of other extractive industries, a portion of revenue earmarked for biodiver-
sity offsetting could be invested into supporting the fishing grounds that a state or region
relies on through examples such as investing in sustainable fishing programmes, the acqui-
sition of sustainable fishing equipment, financing the prevention of illegal, unreported, and
unregulated (IUU) fishing. The associated biodiversity loss that is found with dredging,
trawling, or new aquaculture infrastructure developments can be offset by investing a
portion of the proceeds into less damaging subsectors, such as domestic handline fisheries,
sustenance fisheries or developing restocking programs that use the available nursery habi-
tats already present on Barbados Grenada, or St. Vincent and the Grenadines (such as the
development of mangroves and seagrasses). Furthermore, different levels of compensation
can be mandated due to the perceived value of the affected (extracted or displaced) species
or environment in question.

However, determining an equivalent unit of biodiversity is extremely difficult, relies
on simplifying conventions, and includes several moments of uncertainty. One issue, for
example, is whether to consider biological diversity at a species level or at a system level.
In other words, is an equivalent sum of biodiversity required or is an equivalent ecosystem
required? To even approximate the latter is certainly difficult, but even if offsetting is
limited to a species level, another question that emerges is whether compensation should
be of the exact same species or if another species of equal importance can be considered
for compensation (for an in-depth analysis of difficulties pertaining to biodiversity finance,
see [35]). For example, for every shark that is caught and succumbs to bycatch, should
50 individuals of its primary prey species be required as compensation for (restocked) or the
protection of another shark? It is likely that biodiversity offsetting is further complicated
by the extraction of mid-trophic level species, as the effects on trophic levels above and
below it could destabilise a functioning ecosystem (in a multi-directional “trophic cascade”,
despite being defined as top-down interactions [36]), and potentially risk the collapse of an
entire fisheries sub-sector. For this reason, it is advisable that ecosystems as functioning
units be considered [37,38]: where two ecosystems are available as fishing grounds, one
should be protected and demarcated as an MPA, whereas the other may be afforded less
regulation. This would be considered a form of biodiversity offsetting if the productivity
of each system were initially similar (this further emphasises the need for accurate and
detailed ecosystem evaluation).

Accurate offsetting requires establishing baseline levels of biodiversity at the sites
that provide offsets. A significant risk is that baselines may be set too low and thus give
developers an unwarranted amount of credits. If an area is invested in due to offsetting
(an MPA, for example), the response of the investment needs to be equitable to the initial
biodiversity loss. This requires sufficient long-term data on that area to assess historical
performance or attributes, and where this is not available, data would first have to be
collected. This limits the potential number of sites for immediate biodiversity offsetting, as
only sites with historical data would be able to provide accurate indications of develop-
mental productivity (historical fisheries catch data may be particularly useful). However,
cost-efficiency for environmental changes in biodiversity also changes [39]. Thus, these
become economic issues and require funding and financing themselves. Given that the
extent of habitats that provide key ecosystem services (such as mangroves) is low and
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decreasing in Barbados, Grenada, and SVG [6,40—42], extensive monitoring is necessary
to establish what the historical coverage of such a valuable habitat was. This enables an
appropriate response elsewhere, like conserving and fostering the development of the coral
reefs in areas where they are relatively underdeveloped (as in Barbados and Grenada).

The difficulties of appropriately managing a biodiversity offsetting programme imply
that taxation and fees are better as a form of environmental compensation and compensation
for a developer’s renting of the ocean as a public resource. The fee could be applied as
part of licensing programmes and could secure an appropriate minimum public revenue.
One of the potential benefits of biodiversity offsetting is that funding from development
projects becomes earmarked specifically for biodiversity purposes. The challenge for
regular fees and taxation is to ensure the political will and administrative capacity to
ensure an appropriate share of the public revenue is directed towards the improvement
and protection of ecosystems that support fisheries and aquaculture.

3.2.2. Carbon and Other Nutrient Trading Credits

Coastal environments are likely to offer nutrient capture and sequestration services
(such as blue carbon) in addition to the benefits they provide to fisheries and aquaculture [5].
These services can be capitalised upon and leveraged as pollutant offsets (on international
and domestic markets) from which revenue can be generated to further support the pro-
tection, optimisation of services, and maintenance of the environments themselves or be
directed towards development in other areas of fisheries and aquaculture.

Blue Carbon entails the use of coastal and marine ecosystems as vehicles for carbon
capture and sequestration. Mangrove forests, salt marshes, algae, wetlands and even
whales contribute to carbon storage in coastal and marine environments [43,44]. Blue car-
bon, thus, refers to processes where biological organisms permanently store carbon as long
as the organism (tissues) remains intact and alive. Beyond this broad conceptualisation,
blue carbon is usually used to refer to the active promotion of blue carbon processes in
order to generate carbon credits through carbon sequestration for use in international cli-
mate commitments or carbon markets. Since the majority of carbon sequestration happens
in coastal and marine areas, their applicability to SIDS states and their support for the
sustainable development of SIDS states are considerable. Many of the ecosystems that pro-
mote blue carbon (such as mangroves) also provide other co-benefits like nursery/feeding
grounds for fish and wave attenuation, which contribute to the reliance and longevity
of infrastructure along SIDS’ coastlines. While historically, there have not been many
examples of development projects tapping into the nutrient credit markets in the Caribbean
region, the conservation and development of the mangrove habitats on the islands of Bar-
bados, Grenada, and St. Vincent and the Grenadines present an ideal opportunity to access
nutrient trading markets (such as the carbon credit market) which can further finance the
development of these key ecosystems, thereby stimulating the performance of the fisheries
and aquaculture sectors.

Applicable to other nutrient offset projects, a central concern with any type of carbon
mitigation programme is that it is inherently reliant on carbon accounting methodologies
and frameworks [45], irrespective of whether these are used for national development
contributions (NDCs), voluntary markets or compliance markets. Many blue carbon
projects face data limitations (due to determining the appropriate and market-accepted
measurement techniques of these ecosystems) and may limit the amount of attention and
funding these projects are able to garner to either fund their own development or the
industries the ecosystems underpin (fisheries and aquaculture). The implication is that
priority is not inherently given to the carbon sequestration projects that lead to the optimal
carbon outcomes, but rather that prospective investments may be preferentially directed to
the projects where the extent of carbon capture and sequestration impact can most easily
be traced and tracked, at the lowest costs.

The market uptake for carbon credits and carbon offsets has been somewhat limited,
one reason being the high demand in compliance markets. Market conditions for carbon
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credit prices have continuously been changing. The price of carbon in the EU emissions
trading system (ETS) has been increasing since the end of November 2020, at around
22 Euros per tonne of carbon dioxide (CO,). Prices peaked at around 96 Euros in February
2022 but fell later in the same year [46]. Whereas the carbon market fluctuates somewhat
regularly, other nutrient credit markets may be more stable. Other elements, such as
nitrogen, may be charged and capitalised on in a similar manner as carbon, thus potentially
increasing the value of any one ecosystem. By harnessing the multiple ecosystem services
it provides on trading markets, especially considering the effective bioremediation services
that ecosystems like mangroves and seaweeds provide in reducing the negative effects
associated with complex pollutants or fertiliser runoff (i.e., addressing multiple pollutants
concurrently). However, given that nutrient offsetting (such as carbon offsetting) is still a
nascent industry, a stable market price for specific nutrient offset credits would allow for
the necessary confidence and risk assessment in employing this type of funding scheme for
revenue generation, as well as increasing investor confidence.

Any type of blue carbon project is likely to involve either NDCs or the voluntary
carbon market. Towards the end of 2021, carbon prices were rising on voluntary carbon
offsetting markets, which several stakeholders expected to continue in 2022 [47]. Major
companies are making net zero pledges and increasing their voluntary commitments to
mitigating climate change privately. This opens up the possibility for the ecosystems of
Caribbean countries to capitalise on the voluntary blue carbon market. An increase in the
demand for blue carbon projects is thus expected. However, a concern has been the lack
of quality, verified projects and carbon offsetting. The classification of an environment
that provides such carbon removal and sequestration services (such as declaring a marine
environment as an MPA) may increase the perceived reliability with which the offsetting
can be expected to be available year on year (if that environment were involved in a carbon
sequestration and offsetting programme). Such protected status further facilitates buyer
confidence that the service will be improved upon in future and that nutrient credits may
become cheaper in the future (similar to developing more sophisticated computer product
offerings year on year). Declaring where proceeds are re-invested in a transparent manner
may further encourage buy-in from offset buyers through contributions to development
in other areas, such as NDCs or fisheries and aquaculture development. In addition,
this may incentivise continued participation of stakeholders from such industries in blue
carbon projects, as it would benefit their own sector as well (i.e., added benefits to carbon
offset investing or investing in blue carbon development projects if the habitat in question
also provides benefits such as fisheries stimulation). However, voluntary offsetting is an
additional expense relative to the operations of the companies buying the offsetting, which
limits their incentive to invest—if faced with an economic slump (or the risk of one), there is
a chance that companies will discontinue their voluntary offsetting arrangement or switch
to cheaper, lower quality credits.

When considering nutrient offsets (like blue carbon), it is essential that existing local
practices and livelihoods (social development) are taken into account. Research on carbon
projects shows that local community involvement facilitates project success, as compared
to if it were not present [48]. This includes free, prior and informed consent (FPIC), but
successful project implementation cannot be limited to a formal exercise of securing FPIC.
It needs broad support from a community that can see themselves in the project, as well
as the potential for livelihood development. For example, blue carbon projects that seek to
preserve seagrasses may collaborate with fishers that usually pass through marine areas with
seagrasses. Collaboration with local fishermen and women could be more cost-effective and
provide additional income streams if integrated into a seagrass monitoring scheme.

3.2.3. Natural Capital as Publicly Traded Equities

The Intrinsic Exchange Group (IEG) has collaborated with the New York Stock Ex-
change (NYSE) to create a new asset class: Natural Asset Companies (NACs). The purpose
of such NACs is to maximise the performance or delivery of the natural asset they are
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associated with, either through ecosystem services provisioning, the use of the asset for
restorative or regenerative agriculture (including aquaculture), or hybrid cases. NACs have
the explicit mandate to actively manage, maintain, restore and grow the value of the natural
capital they are associated with. A NAC may also use payment-for-ecosystem services
mechanisms such as producing carbon credits, other nutrient credits, and biodiversity
credits (i.e., verified ecosystem services delivery) in which the NAC, as a company, trades.
The NAC itself is listed on the stock markets and, based on its performance, may attract
investment support.

Prospective NACs are evaluated by the IEG and then listed for trading on world plat-
forms, enabling the conversion of natural assets (such as publicly owned land) into revenue.
This process has the potential to facilitate environmental, social, and industrial benefits at
scale, contributing towards a shift to a more sustainable and circular economy [49]. One
such example is in Costa Rica, where IEG is collaborating with the local government to
explore the creation of a NAC to value and finance conservation and social priorities and
meet national and global commitments (e.g., High Ambition Coalition 30 x 30 goal). The
coral reefs that support the livelihoods of many locals in Barbados, Grenada, and partic-
ularly St. Vincent and the Grenadines (having the largest expanse of coral reefs among
the three) can be registered under public-private NACs (between governments and the
national population) to generate revenue for the development and conservation of these
valuable ecosystems from the stock markets.

However, the evaluation criteria and indicators of performance used to assess the
natural assets in question need to be standardised and recognised (i.e., agreed upon). This
constitutes a major hurdle as discrete natural assets (for example, in different countries)
face different stressors (whether ecological, climate, social, or political), which determine
their functioning and performance. Thus, establishing an optimal functioning baseline
of performance becomes inherently difficult and is subjective to what historical data is
available for each region, as well as to whoever is performing the evaluation.

Nonetheless, the sustainable management of the environmental areas that underpin
fisheries and aquaculture industries (such as fishing grounds and MPAs or other natural
assets) such that the maximum amount/number of benefits are realised is thus incen-
tivised by potentially global markets through the use of NACs. This mechanism presents
a catalysing mechanism for fisheries and aquaculture development while concurrently
incentivising sustainable and social development as well.

3.3. Debt for Nature Swaps and Debt Buy-Backs

A debt-for-nature swap (also known as a “debt buy-back”) can be defined as a scenario
where a creditor forgives debt owed to them in exchange for a commitment by the debtor
to use the outstanding service payments for a particular investment [50]. This can be
explained differently as a creditor agreeing to sell a portion of the debtor’s debt for an
agreed purpose under agreed conditions. The redemption of debt can thus be conducted at
a discount. The service repayments can be invested into whatever project or initiative is
agreeable to both parties in the transaction, such as for fisheries and aquaculture industries
or environmental and social-based projects. Furthermore, third parties can facilitate such
transactions by providing a loan or guarantee to the debtor. These can be used to finance
marine-related development, including fisheries and aquaculture, as well as reduce debt
repayments. Debt swaps can present an enticing opportunity for the governments of
(SIDS) countries hoping to simultaneously facilitate development and reduce the country’s
historical debt.

Historically, debt swaps have not been considered for the protection of marine envi-
ronments (MPAs). However, this changed with the Seychelles Debt Swap of 2015, which
was the most successful debt-for-nature swap for a SIDS [51]. This deal, facilitated by The
Nature Conservancy (TNC), converted US $21.6 million of sovereign Seychelles debt to the
Paris Club of Creditors. The issuance was made possible due to World Bank expertise and
guarantee, a Global Environment Fund (GEF) non-instrument grant to reduce the coupon
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rate, and technical expertise from the then Prince of Wales International Sustainability Unit.
The bond was purchased by three impact investors, and the blue bond proceeds led to
the establishment of an environmental trust fund—Seychelles Conservation and Climate
Adaptation Trust (SeyCCAT) and committed the Republic of Seychelles to protect 30% of
its EEZ as marine-protected areas (MPAs). The many ecosystem services and industry
opportunities that MPAs can provide to a country’s people and economy indicate that
deals such as these have the potential to galvanise a country’s future development in a
sustainable way. Given the similar context that many SIDS countries share with one another,
such debt swap structures can be applied to Barbados, Grenada and SVG, addressing both
the historical national debt and nature conservation challenges they face simultaneously.

Many Caribbean countries (Haiti, Jamaica, and others) have been involved with debt
swaps since the 1990s, but these have rarely contributed to a significant reduction of debt in
the region [52]. For example, in 2012, Antigua and Barbuda negotiated a ‘debt for climate
adaptation with coastal zone management swap” with Brazil for USD 18 million, but it did
not come to fruition due to delays with the Brazilian Parliament [52].

Challenges that arise with the mobilisation of debt swaps include the composition of
creditors (where the heterogeneous composition of sovereign credit transactions can make it
difficult to make enough actors agree on the terms and conditions of debt swaps). As is often
symptomatic of debt-swap deals [53], another challenge is the size of the deal. As a country
develops and creditors become more confident of a country’s ability to repay their loans,
the creditors become less willing to sell the loans at a discount, debt being swapped at lower
valuations and thus resulting in smaller deals. However, there are exceptions: a recent
Belize debt-for-nature swap raised US $364 million to buy back US $553 million of debt by
the Belize government (at a discounted rate). The debt conversion was made possible by a
loan and guarantees from TNC, Credit Suisse, and the Inter-American Development Bank
(IDB). The scale of the transaction benefited from high discounts on Belizean debt and new
structuring practices [54].

Political controversies may also bring the legitimacy of debt swap deals into question
and thus cast doubts on the legitimacy of any resulting development. Political controversies
ascribed to debt swaps can be seen as a question of whether the high indebtedness of SIDS
is legitimate in the first place or if a debt swap is a solution to immediate economic and
environmental problems. If, on the one hand, existing debt levels are taken for granted, a debt
swap may be seen as a pragmatic tool to achieve different policy objectives. By contrast, if
the original debt is essentially considered politically illegitimate, actors may see a debt swap
as equally illegitimate. The de facto loss of sovereignty that is associated with government
debt swap may be another point of contention. When the debt swap is used to create an
environmental trust fund, a way to ensure that the government is at arm’s length of the trust is
to not have a government majority on the board [55]. However, this makes it more likely that
a deal is going to be perceived as illegitimate [55]. A debt swap can best be seen as a means of
establishing and incentivising policy consistency on the part of the government. Whether or
not this should be thought of as a de facto loss of sovereignty is a political question. On the
one hand, it is a commitment that the government voluntarily enters into. On the other hand,
it makes it difficult for a government to change course, which can be beneficial as different
government offices come and go during elections/regime changes.

The efficacy of debt swaps as a solution for reducing national historical debt is controver-
sial and debated, as debt conversions do not necessarily lead to long-term debt sustainability
(see [56]). Perry et al. [57] provide further context for the source of historical debt among
Caribbean island states, as well as comment on the socio-cultural and political implications of
debt swaps (and other financing mechanisms herein discussed). However, the author does not
provide pragmatic alternatives to overcoming historical debt beyond demanding recompense
for the injustice of a colonised past. Long-term sustainable debt reduction through debt swaps
would more likely arise from investing in long-term projects which have the potential to
facilitate a country’s future economic development in a sustainable way, as well as enhancing
the country’s future resilience to the phenomena that create the debt in the first place (such as
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resilience to destructive weather). One such example is the stimulation of the fisheries and
aquaculture industries through the development of nature-based solutions, such as MPAs,
which protect ecosystems with multiple benefits (such as wave damping, blue carbon, and
providing fish nursery and feeding grounds). Such solutions that involve local communities
are also more likely to last as local buy-in in the initiative/project would more likely maintain
any development (or identify alternative funding and financing) even if debt repayments
were late or discontinued. However, this would require informed communities to have access
to possible financing mechanisms, potentially through a local financing unit. Despite the
challenges associated with debt swaps, they have the potential to resolve some of the historical
debt of some Caribbean SIDS as well as other national development needs but are likely
not the only solution to this challenge. The use of debt swaps, together with other financial
mechanisms and arrangements, likely offers the greatest possibility of success in resolving
national historical debt.

3.4. Blue Bonds and Other Sovereign Bonds

Blue bonds have been promoted as a means of financing Blue Economy developments
amidst the fiscal constraints that SIDS are facing. Similarly, blue bonds can be used to finance
the development of fisheries and aquaculture. Blue bonds, like other bonds, are tradable fixed
securities issued by an authority to raise funds on global markets and increase the issuer’s
debt. The World Bank defines blue bonds as “a debt instrument issued by governments,
development banks or others to raise capital from impact investors to finance marine and
ocean-based projects that have positive environmental, economic and climate benefits” [58].
Issuances of blue bonds are conducted based on a per-case basis and case-specific environ-
mental and economic returns, but generally the criteria for bonds to be considered “blue”
require that the investment be used for oceanic or marine resource development.

Barbados is among some of the first countries to partner with The Nature Conser-
vancy (TNC) on a Blue Bonds project after Seychelles. A novel co-guarantee structure
with a $50 million guarantee from TNC, alongside a $100 million guarantee from the
Inter-American Development Bank (IDB), was used to facilitate a $150 million debt conver-
sion that will facilitate the expansion of Barbados’ marine protected areas from virtually
zero to approximately 30% and improve management for all marine waters within its
jurisdiction [59]. This project is expected to free up approximately $50 million to support
environmental and sustainable development actions in Barbados over the next 15 years,
making both the country and its people more resilient in the context of climate change.
Barbados worked with Credit Suisse, who acted as Global Lead Arranger, to raise approxi-
mately $150 million through a dual currency term loan facility (with CIBC FirstCaribbean
as Domestic Lead Arranger). This Blue Loan funded the buyback of a portion of Barbados’
existing debt and was partially funded through the implementation of Blue Bonds in capital
markets. The new financing featured a lower interest rate than the old debt, with both TNC
and IDB each providing repayment guarantees on the country’s behalf, and 100% of the
resulting cost savings will be directly allocated for marine conservation [59].

Using blue bonds as a financing mechanism supports an environment that stimulates
the development of a country’s entire Blue Economy by presenting financial capital to
private actors wishing to make a sustainable change at low risk to investors [60]. When
considering a bond issuance, it is critical that the bond structure is fit for purpose (in this
case, the development of fisheries and aquaculture industries), ensures the highest degree
of environmental and social impact, and that the issuer receives the lowest possible interest
rates on repayments. March et al. [61] discuss the challenges involved when designing blue
bond financing for Caribbean SIDS, using the Bahamas as a case study example. Three
different bond structures may be applicable for the development of Caribbean fisheries and
aquaculture sectors: catastrophe bonds, environmental impact bonds, and use-of-proceeds
bonds (see also [62,63]).

The mechanism of catastrophe bonds is that a trigger level (like the wind speed of a
hurricane) for a specific area is determined before the phenomenon occurs. If the trigger
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level is surpassed, the insurer pays out to the insured party. However, this bond differs
from insurance in that it pays out before the phenomenon has struck, whereas insurance
pays out afterwards [61]. One challenge of catastrophe bonds is that they only imply that
very specific events are being insured and that these events have to fulfil specific conditions.
Furthermore, no payout is required if the trigger level is not surpassed, but damage is still
widespread because of the phenomenon. Environmental bonds raise capital, but the return
on investment is based on the success of an environmental programme or project, as defined
by pre-determined key performance indicators (KPIs). Before using such a financing
mechanism, it is advised that the developmental sector has clearly defined key performance
indicators (KPIs) to provide added confidence and clarity for potential investors [61]. In
the case of fisheries and aquaculture development, this could be achieved by achieving a
maximum sustainable yield of a fish stock within two years, for example, or the protection
of 20 hectares of mangroves as fish nursery grounds. A use-of-proceeds bond entails the
upfront promise that proceeds will be used towards blue development (not necessarily
environmental development). These bonds are at risk of “environmental non-performance”,
where returns as benefits of the environment do not materialise, but the economic returns
do [61]. This type of bond may be particularly suitable for the development of fisheries and
aquaculture infrastructure (equipment, value-addition practices, workspaces, etc.), given
that no explicit environmental benefit is mandated.

3.5. Blue Tokens and FinTech

“Fintech” or financial technology refers to the use of new technology to improve
management and access to financial operations and processes. It involves the use of
specialised software, algorithms (machine learning), and artificial intelligence to achieve
improved management of finances [15]. This has expanded into the insurance and investing
industries. Fintech has enabled improved compliance and faster transactions and has
further allowed financing to be raised on open markets with far less friction or difficulties.

Blue tokens are a proposition where fintech and blockchain technology are used to
raise money for blue (fisheries and aquaculture) development projects [15]. An issuer could
set an amount they would like to raise, for example, US$10 million, with an initial fixed
repayment coupon. The initial price of each token could be set at US $10 (predetermined),
with one million tokens being issued on a secure blue token market or platform. Any
investor who has been approved through rigorous identity checks, like Know Your Client
(KYC) and anti-money laundering (AML) checks, can then buy tokens and either hold
them to maturity or trade them among other investors on the blue token platform. A Blue
Economy credit rating agency (alluded to before) could also rate the issuance (initially and
later annually) for development outcomes and financial viability, thereby giving investors
maximum information to assist with their investment decisions [15].

The use of blue tokens could democratise investments, making the opportunity to
invest in the development of the Blue Economy, or in this case, fisheries and aquaculture
industries, accessible and giving all stakeholders a real stake in the Blue Economy. With
the establishment and development of blue bonds, blue tokens can thus give the citizens of
Barbados, Grenada, and St. Vincent and the Grenadines the ability to invest in the future of
their nations as big ocean developed states (BODS) rather than SIDS [15]. They are also able
to invest in blue tokens from other countries’ blue bonds, fostering development support
where such structures are in place, even if not in place in their own nation yet. This may be
applicable for blue bonds issued towards the development of coral reefs in SVG: the largest
coral reefs among the three counties are likely to facilitate the greatest economic returns
(among the reefs of the three countries), garnering more attention than others in terms of
interest for development.

3.6. Insurance

Instead of being a source of new finance, insurance can be viewed as a tool with which
to support the financing of fisheries and aquaculture projects. Insurance can create confi-
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dence for a potential project developer or investor in that it limits the risks that the project
may face, potentially reducing the costs of capital investment. The role of risk management,
risk pooling and risk transfer has become important for any potential development in
the Caribbean as the intensity of natural disasters like hurricanes increases [15]. Marine
insurance can be explored and tailored to specific industries within the Blue Economy, like
fisheries and aquaculture.

Parametric insurance is one type of ex-ante disaster financing and makes payments
based on the intensity of a disaster event and the amount of loss calculated using a model
previously agreed to by both parties [15]. This type of insurance is different from indemnity
settlements in that there is no on-site assessment of individual losses but rather depends on
a triggering mechanism (based on variables out of the control of both the policyholder and
insurance issuer). This may be of interest to stakeholders in the fisheries and aquaculture
sector, where infrastructure is swept away or is unrecoverable for assessment of damages,
or instances where a natural environment that underpins the industry gets damaged, and
objective ecosystem valuation becomes skewed by lack of historical data (however in such a
scenario, ownership or shared ownership may have to be allocated and proven, like through
an NAC). Another example is the Caribbean Oceans and Aquaculture Sustainability Facility
(COAST), a parametric insurance facility developed jointly by the Caribbean Catastrophe
Risk Insurance Facility—Segregated Portfolio Company (CCRIF-SPC), the United States
Department of State, the World Bank, TNC and the Food and Agriculture Organisation.
COAST targets the fisheries sector specifically and is geared towards addressing the impacts
of natural hazards on the food security and livelihoods of those working in the fisheries
sector of the Caribbean. This policy was first issued and piloted in July 2019 for Grenada
and Saint Lucia. The Caribbean would benefit from drawing lessons learnt from these
examples and scaling up insurance for other Blue Economy areas [15].

Public social protection programs, as well as private and community savings arrange-
ments, can function as insurance, too. Such savings clubs can be used to finance different
needs, including insurance, but savings can itself function as an economic buffer for times
of crisis or a short-term economic downturn [54]. Savings and insurance are, of course, not
new sources of financing, but they can create support during periods of hardship. These
savings programmes can be managed and used to recover local fishing and aquaculture
projects that provide direct benefits to the local communities before contributing to the
industry at large (such as local job creation and food provisioning). Types of development
projects that may be of high priority after a catastrophe include fisheries (small and large-
scale), shipbuilding and repair, and natural ecosystem recovery (particularly those that
underpin essential fisheries). Such projects lead to revenue generation that could expedite
the recovery from natural disasters sooner.

Many different insurance products exist (catastrophe and resilience bonds), each with
its own advantages and potential pitfalls. The demand for high premiums on insurance
products is likely to present a barrier to entry to their use in Caribbean SIDS, where finance
and financing are already in short supply. Insurance companies that assign their risks on a
biannual or annual basis also assume greater risk as the insurance products would have
to cover longer expanses of time, increasing the likelihood of a higher number of severe
weather events and thus payouts [64].

4. Generating an Enabling Environment for Financing Fisheries and Aquaculture in
the Caribbean

Generating an enabling environment to encourage investment and financing, thereby
reducing barriers to spontaneous entrepreneurial development in the private sector, will
have knock-on benefits across the entire Blue Economy in the Caribbean as a whole [65],
including the fisheries and aquaculture sectors. As the Caribbean is a developing region,
there is limited private sector finance support available from governments in the region,
as funds are directed to more critical or prioritised development needs elsewhere. It is
thus necessary to put into place the structures that can facilitate the long-term financing
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of sustainable (environmentally, socially, and economically) fisheries and aquaculture
development projects that arise from the industry itself, such that new development is
incentivised through potentially greater fiscal returns for the investment made. In addition,
the development of an enabling environment is proposed as the solution for overcoming
the capacity constraints and regulatory barriers to new development in the fishery and
aquaculture sectors of Barbados, Grenada, St. Vincent and the Grenadines [4]. Together,
these (following) structures contribute to an enabling environment that facilitates industry
development for the fisheries and aquaculture industries and the Blue Economy and have
been curated from the national development strategies of other successful island nations
and advisory documents (for example, such as from Africa Blue Economy Strategy [14];
The Seychelles Blue Economy Action Plan [13]; Madagascar Blue Economy Strategy for
Fisheries and Aquaculture [12]). However, their effectiveness may vary and is specific
to different national development contexts, including different fisheries and aquaculture
sectoral contexts.

4.1. Sustainable Blue Economy Finance Principles

Banking mechanisms for blue development, such as for fisheries and aquaculture, are
lacking in Grenada, Barbados, and SVG, as are the associated governmental policies. A
transparent policy framework that follows blue financing principles has the potential to
increase investor confidence, thus increasing the availability of working capital to industries.
Underdeveloped financial markets and large historic national debt only further emphasise
the need for an enabling and sustainable investment policy framework [66,67].

Emphasising sustainable Blue Economy finance principles would encourage the use of
sustainable finance mechanisms for the fisheries and aquaculture sectors. These principles
were launched in 2018 and present the world’s first guiding framework for banks, insurers
and investors to finance sustainable development [68]. The framework promotes Sustain-
able Development Goal (SDG) 14 (Life Below Water) and establishes specific standards
related to sustainable development in financial ocean sectors. The European Commission,
WWE, the World Resources Institute (WRI) and the European Investment Bank (EIB) col-
laborated to develop these principles, which are also hosted by UNEP FI as part of the
Sustainable Blue Economy Finance Initiative [68]. These principles can be integrated into
the policy and regulatory frameworks of Barbados, Grenada, and St. Vincent and the
Grenadines. However, regional or national efforts can be directed towards the development
of financing principles that align with NDCs.

4.2. Integrating Aquaculture and Fisheries into the Greater Blue Economy

At present, current policies operate disjunctively, with insufficient overarching frame-
works to support financial investment or mitigate the risks of climate change and habitat
health reduction to the fisheries and aquaculture industries. The maximum potential of
fisheries and aquaculture and their capacity to add to the development of the broader
Blue Economy is not reflected in the current unintegrated (and not sufficiently holistic)
policy structure. Existing frameworks can be characterised as a disjunct assemblage of
fisheries agreements and programmes, and they are often dated and thus inappropriately
formulated national laws at various levels for current development challenges. New leg-
islation has been drafted (e.g., in Barbados), but these have not yet been approved by
the cabinet, with fisheries management being excluded from coastal and marine resource
management, other environmental agendas, and tourism management [4]. Furthermore,
the significance of the ecosystem services that natural environments provide to the fisheries
and aquaculture sectors (such as habitat provisioning, nursery grounds provisioning, and
fisheries stimulation) remains ignored, resulting in gaps in implementation and duplication
of development efforts across institutions and agencies, at national and regional scales. The
lack of sustainable blue financing and an overarching integrated governance framework to
coordinate various pressures on coastal and marine resources continues to hamper devel-
opment efforts in valorising the fishery and aquaculture sectors [69-71]. Further barriers to
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policy integration are due to a lack of consistent and integrated data collection with which
to inform policy-making decisions (at both national and the subsequent regional scale),
lack of coordination among governance structures leading to duplication of efforts, and
differing prioritisation of development goals due to different national development needs.

The fisheries and aquaculture industries should remain a priority when considering
Blue Economy development because fisheries will continue to provide the majority of
animal protein to the people of Barbados, Grenada and St. Vincent and the Grenadines, as
well as supplying a majority of jobs (ever more so with the increasing spread of aquaponics
and aquaculture). These sectors have the potential for considerable wealth creation op-
portunities should value addition be facilitated within each country prior to export [72].
Such wealth creation is possible within the Blue Economy concept, as it promotes the
development of biodiversity within coastal habitats by facilitating the development of solu-
tions that are beneficial for both biodiversity conservation and climate change mitigation
and adaptation. Furthermore, fisheries have the opportunity to play a central role in the
conservation and rehabilitation of key ocean habitats as the main observers of changes in
the open sea. These are key indicators for the status of ecological and ecosystem health, as
they observe associated changes in fisheries” productivity (a less productive fishery relative
to the past, indicating that the ecosystem may be degraded).

The development of the Blue Economy in Barbados, Grenada, and SVG is nascent [4].
Despite the significant natural resources of Barbados, Grenada, and St. Vincent and the
Grenadines, as well as the opportunity to implement holistic Blue Economy approaches,
the rate of adoption has been slow. Grenada is the first Organisation of Eastern Caribbean
States (OECS) member country to have developed a vision for its blue growth economy.
The county’s blue growth vision is to become a world leader and international example of
blue sustainability by optimising its coastal, marine, and ocean resources. Comprehensive,
holistic preparation, design, and capacity development are needed to consolidate and
coordinate sectors and industries to create synergies and development considerations
between sectors. There is significant potential for generated synergies to facilitate finance for
the development of the Blue Economy in each country, further emphasising the importance
of mediating collaboration.

The Ocean Governance Committee (OCG) is in place in most OECS Member States.
They have, in most instances, identified and mandated the creation of National Coordi-
nation Agencies that work closely with the OECS Ocean Governance and Fisheries Unit
(which leads and coordinates activities at the regional level). OECS Member States are at
various stages of establishing national OGCs to serve as standing committees of public
sector departments, statutory bodies and non-governmental organisations. Their goal is to
facilitate inter-sectoral coordination on ocean governance issues. They may thus have an
important role to play regarding the management of shared fisheries stocks and the con-
servation of the natural environments that underpin those important fisheries. Although
the OCGs offer regional consistency and the ability to provide some support to nations
seeking to implement Blue Economy approaches, the mechanism still requires enhance-
ment. Barbados, despite being in the eastern Caribbean, is not a part of the OECS [73], thus
limiting regional consistency by hindering the establishment of a Barbadian OCG and the
associated benefits therefrom. The Regional Ocean Governance Team (OGT) (funded by
the World Bank) provides technical support to the national technical committees through
the OECS committee on matters related to ocean governance and the Blue Economy.

4.3. Finance and Financing Coordinating Facility

A regional Caribbean Blue Economy financing facility (or unit) may help address
some of the challenges which are anticipated if financing for the fisheries and aquaculture
industries is to be scaled up, as well as investments into the Caribbean Blue Economy as
a whole [15]. One such example is managed by the International Union for Conservation
of Nature (IUCN) and has a global reach: the Blue Natural Capital Financing Facility. A
national or regional financing facility would be responsible for the coordination and devel-
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opment of financing solutions/instruments for development projects that align with the
objectives of the Blue Economy and leverage existing resources more efficiently [15]. This
would include activities such as market research and valuation studies to inform investment
into the Blue Economy and, by extension, the fisheries and aquaculture industries as well.
The facility would have the potential to serve as a connection hub for development partners
and private funders and act on behalf of national or regional governments to issue financing
mechanisms aligned with the development of Blue Economy projects. The agency would
ideally also seek to contribute towards capacity building to aid in project implementation,
as well as monitor the results and effectiveness of those projects for which it has put financ-
ing structures in place [15]. The facility could further be responsible for testing innovative
finance and financing instruments, facilitated through structures like innovation networks,
accelerators, and incubators, which could source local and global financing knowledge and
information, leveraging it for the benefit of the Caribbean communities. For instance, the
Caribbean Science Foundation uses various platforms to engage and educate aspiring engi-
neers and scientists across the region. Similarly, “Ten Habitat”, a start-up ecosystem, has
mushroomed across the region, where potential entrepreneurs are supported and funded
using a range of practical tools, including networking and mentorship [15]. Such a unit
may be most useful when part of pre-existing government structures (i.e., not independent),
thereby serving as an example of a successful public-private partnership (PPP) benefiting
both parties involved.

A regional coordinating facility might best be situated in locations that are easily acces-
sible to the rest of the Caribbean region. However, given the complexity of the Caribbean’s
governance structures, a regional coordinating facility for finance and financing may best be
located where previous governance structures have been situated or within such structures
themselves. Examples include the seat of the Caribbean Community and Common Market
(CARICOM) secretariat in Georgetown (Guyana) or possibly the seat of the CRFM secre-
tariat in Belize City (Belize). The benefit of such a placement, beyond mere ease of access, is
that it allows for increased awareness of regional development programmes, initiatives and
opportunities among multiple governance structures. This facilitates synergies and integra-
tion across multiple departments with an increased likelihood of actual impact throughout
the Caribbean region. Such a regional facility will be able to better undertake the explicit
actions and research specifically directed towards finance and financing Blue Economy
development, which may fall out of the purview of CARICOM (which is concerned with
more than just financing the Blue Economy) and the CRFM (which although concerned
with financing development in the fisheries and aquaculture sectors, also concerns itself
with other aspects of these industries such as coordinating catch data for example).

4.4. Development Tools and Reporting Infrastructure
4.4.1. Screening Tool

The Sustainable Seas Draft Blue Economy Investment (BEI) project screening tool/ criteria
(by Jonathan McCue, Service Agreement Number: BBRSO145916) has been created for assess-
ing and prioritising different potential development projects to finance, specifically for the
development needs of Barbados, Grenada, and St. Vincent and the Grenadines. The criteria
used to assess each project are based on the cornerstones of Blue Economy development:
environmental sustainability, social responsibility, and economic impact. The tool includes
criteria for development projects across all Blue Economy sectors as well as fisheries and
aquaculture industries. The use of this tool has the potential to facilitate the most significant
available returns of investment for investors in determining appropriate development projects
to finance while also increasing the likelihood of multi-sector development. The use of this
tool should ensure the financing of projects with minimal environmental, social and economic
impact, thus avoiding further accruement of debt.
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4.4.2. Data Reporting and Infrastructure

The importance of data reporting for fisheries management (and thus ecosystem
management) should be emphasised, as the effectiveness of any management decision is
reliant on the data that represent the real-time scenarios affecting the industry. The integrity
and honesty of the data being reported should thus be maintained and encouraged as much
as possible.

The development of the fisheries and aquaculture industries necessitates national
centralised data reporting structures. The Caribbean Regional Fisheries Mechanism (CRFM)
is a regional-scale example. However, national-level platforms can more easily facilitate the
reporting of fisheries catch data, which would allow for better management of local fisheries
sub-sectors, address national-level issues and concerns, and more engaging management of
national marine environments that underpin local fisheries. Providing a tool or platform for
the hassle-free reporting of catch and aquaculture production data, as well as the methods
and locations associated with those data, can facilitate the creation of tailored financing
solutions for those practices or projects, allowing for more efficient industry development,
management, and effectiveness (profitability).

Currently, monitoring approaches such as accounting for activities associated with
the Blue Economy have not been conducted in a coherent manner. Blue accounting data
need to be recorded and catalogued from isolated sources to produce a comprehensive
view of the Blue Economy industries and their impact on the livelihoods of nationals of
Barbados, Grenada, and St. Vincent and the Grenadines. There are also gaps where no
data are recorded for certain sectors (like vessel maintenance). Such gaps lead to a skewed
interpretation of the industry and facilitate unoptimised management decisions. Critically,
ecological components of the Blue Economy need to be accounted for, particularly of envi-
ronments of key development sectors such as fisheries and aquaculture, as the ecosystem
services provided by these habitats directly facilitate the developmental prospects and
functioning of these industries. The implementation of nationally determined contribu-
tions towards sustainable development (and climate change) will necessitate the need for
blue and green accounting frameworks for assessing developmental change that relates to
environmental sustainability (of those that underpin key industries).

Partnering with the Global Ocean Accounts partnership (GOAP) may offer benefits to
national governments in the Caribbean in facilitating the establishment of ocean accounts
and monitoring protocols for national Blue economy accounting. GOAP aims to build a
global community of practice for ocean accounts (also known as “blue accounting”) with
an international network including national governments, the World Bank, the United
Nations Economic and Social Commission for Asia and the Pacific (ESCAP) and specific
fisheries departments like Fisheries and Oceans Canada. GOAP encourages countries and
stakeholders to include the use of other indicators beyond only gross domestic product
(GDP) in their measurement and recording of progress towards sustainable development,
as the reliance on only GDP as a yardstick for development has led to previous misinformed
policy decision-making (see [74] for a detailed analysis on this topic).

4.4.3. Spatio-Temporal Planning Tools and Prospective Approaches

The use of integrated and prospective approaches to the management of marine
ecosystems is lacking in the three study countries. This is likely due to growing blue
economies in their nascent stages in Barbados, Grenada, and St. Vincent and the Grenadines.
Furthermore, the large marine ecosystem approach (specifically the Caribbean LME) has not
been integrated or institutionalised into national environmental management frameworks.
The adoption of such a paradigm would facilitate a better understanding of the dynamics
of coastal and marine ecosystems. The use of approaches such as blue accounting and
data reporting of key ecological indicators (biological productivity/fish biomass, pollution,
ecosystem health) would facilitate improved resource management.

For countries like Barbados, Grenada, and St. Vincent and the Grenadines, where
resources are limited, sustainable and optimal use of them is critical to economic prosperity.
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As such, marine spatial planning (MSP) is particularly important and has been lacking
in these three countries. “Marine Spatial Planning (MSP) is a public process of analysing
and allocating the spatial and temporal distribution of human activities in marine areas to
achieve ecological, economic and social objectives that have been specified through a politi-
cal process” [75]. The use of MSP usually forms part of a country’s national Blue Economy
development strategy and implementation plan, particularly where shared resources are
shared by multiple stakeholders (such as fisheries stocks). Despite potential challenges, the
use of MSP has the potential to facilitate an enabling environment for national development
and has been shown to be effective in other SIDS countries like the Seychelles.

4.5. Development of Sustainable Micro, Small, and Medium-Sized Enterprises (MSMEs)

Considering that many fisheries and aquaculture operations are more likely to operate
at smaller scales than large commercial-scale fishing fleets, it is thus necessary to focus
on the sustainable development of micro, small and medium-sized (MSME) enterprises
in the fisheries and aquaculture sectors [76]. MSMEs that already operate on a successful
(environmentally) sustainable business model are likely to perpetuate that model when
operating at larger scales, as it has already proven to be profitable while benefiting the
environment. Moreover, an enabling environment for the development of MSMEs en-
courages participation in the fisheries and aquaculture industries as support services are
available for future business growth and expansion. The growth of small (subsistence)
scale fishers is thus facilitated by an enabling environment for MSME, presenting a route
for transitioning from a subsistence-based livelihood to entrepreneurship, which in turn
may afford improvements in the livelihoods of Caribbean locals.

MSMEs can be considered as the “missing middle” and lack access to capital [76].
These include organisations that are raising USD 500 K-10 M (with revenues exceeding
USD $250 K) annually. MSMEs are challenging for financiers because banks are not inter-
ested (as the company is likely unable to offer sufficient collateral for loans and presents
a security risk for the investment), and MSMEs are too small for bonds or private place-
ments. Microfinancing is too expensive, and MSME fragmentation presents an elevated
risk, disincentivising investment [76]. Yet MSMEs represent the majority of employment
in developing countries (such as in the Caribbean region) and represent the majority of
industry stakeholders [76]. Moreover, investors require MSMEs as the mechanism with
which to actualise returns and impacts of investments, such as through blue bonds, devel-
opment banks, industry ventures, and impact funds (and many others [76]). An evaluation
of the finance gap, such as that of Asian Blue SMEs (at the value of USD 2 trillion [76]), is a
recommended starting point for MSME development in the Caribbean.

National or regional programmes that facilitate scaling offer readiness training and
access to finance and financing, which present avenues with which to develop MSMEs to
benefit the fisheries and aquaculture industry. A similar programme to SME BlueImpact
Asia could be developed for the Caribbean region. The BlueImpact programme is an
initiative to raise capital for sustainable SMEs in the Asia and Pacific Blue Economy by
acting as a platform that connects qualified investors with Blue Economy SMEs. The
programme thus supports catalytic funding and mobilises appropriate matching private
sector enterprises [77]. The programme also aims to replicate successful business models
across the Asian and Pacific region through this programme, thus facilitating Blue Economy
development [77].

The integration of MSMEs (and small-scale fishers) into the broader Blue Economy
can be accomplished by establishing a programme similar to ‘Abalobi’ (in South Africa).
The non-profit organisation strives to connect individual small-scale fishers and fishing
communities to buyers through its technology platforms. Their community-supported
fishery model promotes fair market access, transparent supply chains, national food security,
and “fish with a story” (presenting the people and communities behind the produce). The
organisation has global international partners, such as the Seychelles Hook and Line
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Fishers Organisation and the World Wildlife Forum, already replicating the model in other
countries [78].

4.6. Public-Private Partnerships (PPP)

While no single definition satisfies all demands, (at a generic level) public-private
partnerships (PPP) is an encompassing term that covers many forms of collaboration
among public, private, and civil sectors [79]. The “Canadian Council for Public-Private
Partnerships” defines a PPP as “a cooperative venture between the public and private
sectors, built on the expertise of each partner that best meets clearly defined public needs
for services or infrastructure through the transfer between partners of resources, risks and
rewards”. Two important elements of this definition are that the arrangement is to provide
public services and that partners share any associated risk. The aim of PPPs is to structure
the relationship between the public and private sectors, allocate the risks to the parties that
are best able to manage them and add value to public services by using private sector skills
and competencies [79]. However, it is important to make the distinction that PPPs are not
incentives or subsidies given by the public sector to attract private investments.

PPPs are important as mechanisms for developing technologies where normal private
sector market incentives fail. Furthermore, PPPs improve the quality of the delivered
service by facilitating optimal participation of both sectors: the government acts as the
regulator and is tasked with monitoring performance and the planning of services, whereas
the private sector’s attention is on managing and optimising the daily delivery of the
service [79]. PPPs thus improve the cost-effectiveness of services (and risk management),
the savings of which can finance other services or development in industries of importance.

Despite PPPs having the potential to bring about significant economic benefits, they
are challenged by internal and external risks to both parties in the partnership. Of the many
risks that exist, reputation damage is likely the most limiting in engendering future investor
confidence and being offered future development project opportunities [79]. External
risks can arise from events beyond the scope of the project as well as from changes in
government, legislation or the political climate. Such risks may be addressed in PPP
contracts but are fundamentally outside the project itself and may be beyond the control
of the private sector [79]. Internal risks are particular to the project or the way it is
constructed and operated and are generally under the control of the contracting parties.
The contracting arrangement should explicitly allocate risk among the signatories to ensure
no disagreements arise with the onset of internal risks. One of the critical internal risks
is that demand will be insufficient to allow the project company to repay its financial
obligations from project revenues. Given that demand risk is difficult to estimate, even
more so in developing or recovering economies (common among SIDS states), the public
sector commonly assumes that the private sector should shoulder demand risk. However,
when it does so, the private sector is likely to ask for more support from the government in
the form of subsidies, grants or guarantees to mitigate this risk [79].

There is a wealth of resources to provide assistance in the establishment of business-
related PPPs. Development aid is available for the development of PPPs from organisations
like the United Nations [79]. Such arrangements may be particularly suited to the devel-
opment needs of fisheries and aquaculture in Barbados, Grenada, and St. Vincent and the
Grenadines, as they have been shown to assist the governments of countries that have
difficulty in fostering public sector investments to improve local infrastructure and product
chains that meet international rules [79].

Most countries also have PPP knowledge centres or units from which assistance can
be gained [79]. Such a unit is beneficial for leading the implementation of PPP programmes
and training government authorities responsible for local implementation. It should give
advice regarding the rules and regulations for PPPs in the country. Recommended as
places to start searching for further information on general principles and approaches
are the World Bank’s Private-Public Partnership in Infrastructure program, Institute for
Public-Private Partnerships, Inc., and Public-Private Infrastructure Advisory Facility [79].
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Allam and Jones [80] propose a development framework specifically for SIDS to develop
climate change and economic resilience, largely based on urban and cultural heritage PPP.
However, given that many cities in Barbados, Grenada, and St. Vincent and the Grenadines
are small, the framework may only be applicable for Bridgetown (Barbados), as it is the
largest city of the three countries (with an estimated population of 98,500). Nonetheless, it
may facilitate the development of fisheries through PPP as the city is likely a hub of trade
(of fish, an important resource likely tied to the cultures of island inhabitants).

4.7. Enabling Policy Environment for Financing

The regulatory environment can have a significant impact in facilitating sustainable
development of the fisheries and aquaculture sectors and the Blue Economy. An analysis of
the existing regulations and policy environments for Grenada, Barbados, and St. Vincent
and the Grenadines has been conducted [4]. In addition, aspects of the regulation and
policy framework have been discussed, namely fiscal policy mechanisms for fisheries and
aquaculture development (Section 3.1) and the implication of sustainable Blue Economy
finance principles (Section 4.1). However, the development of a regulation and policy
environment that enables and facilitates finance for the fisheries and aquaculture sector (and
the Blue Economy at large) was not discussed but identified as a development priority [4].

An enabling financing environment alongside integrated national (and regional) Blue
Economy frameworks can offer increased security for investments, incentivise investment
and thus facilitate development for the fisheries and aquaculture industry [12-14]. We
suggest that an ideal enabling regulatory environment may optimally facilitate the financing
of sustainable industry development, such as fisheries and aquaculture, when constructed
with consideration of the following:

e  Facilitates and encourages the use of fiscal policy for sustainable development
(Section 3.1)

e  Supports the implementation of sustainable Blue Economy principles (Section 4.1)

e  Facilitates local and international entrepreneurship

e  Supports a mixed economy (with private—and state influence) and encourages free-
market environmentalism.

The principles of the Blue Economy overlap with those of free-market environmen-
talism along the axes of environmental sustainability and economic sustainability, and
free-market environmentalism does not specifically exclude social sustainability. Free-
market environmentalism integrates the goals of preserving the environment with the
concepts of a free-market economy. It recognises the potent incentives for conservation and
environmental care that markets can offer, emphasising the use of private property rights
and contracts as effective tools for environmental protection [81,82]. Consequently, we also
suggest that policy and regulation surrounding property ownership rights be elucidated
for the optimal leveraging of financing mechanisms (for example, payment-for-ecosystem
services). We suggest that existing financing regulatory frameworks be reviewed to inte-
grate the above considerations, thus developing a more enabling financing environment
for the fisheries and aquaculture industries and the Blue Economy.

5. Conclusions

This review discusses various finance and financing mechanisms for supporting devel-
opment projects in Caribbean fisheries and aquaculture industries. Developing financing
mechanisms to support and drive the maximal sustainable exploitation of the environments
that underpin fisheries and aquaculture will facilitate an increased contribution to national
and regional blue economies, as well as avoiding exhaustion of the resources on which
Caribbean livelihoods are dependent for years to come. Many of the fisheries and aquacul-
ture industries of Caribbean countries face complex problems, but the improved use and
management of natural environments and the development of PPPs as management tools
for sectoral development have been suggested elsewhere [4]. The leveraging of natural
capital forms the base around which the benefits of PPPs can be utilised for optimal delivery
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of ecosystem services and provide numerous opportunities for multi-sector development
synergies that can ultimately benefit multiple sector stakeholders. However, policy regard-
ing the ownership rights to natural environments would need further development and
elucidation to determine who can leverage the multitudes of financing mechanisms suited
to a specific ecosystem. The boundaries of ecosystems need to be well-defined and clear to
all its users to limit confusion regarding ownership and property rights. Doing so is further
necessary for leveraging natural capital for funds to finance Blue Economy development
projects, as ownership of the natural capital (or services therefrom) may need to be used
as collateral security. Further policy development may be directed towards determining
whether the number of financing mechanisms employed per ecosystem should be capped
or not. Regardless, the development of accurate ecosystem accounting programmes and
mechanisms (to determine the value of ecosystem services) is essential in realising the
benefits of sustainable management and ensuring returns for potential investors.

The various common financing needs of the fisheries and aquaculture sectors of
Barbados, Grenada, and St. Vincent and the Grenadines [4] have been matched with the
most suitable financing mechanisms (Table A2, Appendix A). Blue levies are generally
recommended and applicable in almost every scenario, as they allow the fisheries and
aquaculture industry to drive its own development in financing research and conservation
projects (to its own benefit). The use of blue tokens with sufficiently low repayment coupons
allows development projects to gather public support for fisheries, thereby increasing the
likelihood of the project being successful through community buy-in. The possibility of
natural capital being traded as public equities as “Natural Asset Companies” provides
the opportunity for development projects to fund themselves. An enabling environment
for debt and lending with low-interest loan repayments is also applicable to almost every
scenario, as it facilitates access to capital finance for infrastructure development and the
acquisition of increasingly sustainable fishing equipment. The development of an enabling
environment through the development of dedicated financing institutions and PPPs and the
establishment of sufficient data reporting infrastructure for the fisheries and aquaculture
industry is essential for driving development in these sectors.

There are complex challenges for the development of the fisheries and aquaculture
sectors to be addressed, such as overfishing, pollution, and the introduction of invasive
species (and others). An injection of finance does not necessarily translate into meaningful
development or solutions to these problems. However, finance is a tool to help mobilise
action to facilitate the transition to a sustainable Blue Economy. Without finance or the
mechanisms which generate finance, limited action takes place, particularly in terms of
policy development, government coordination, and implementation and enforcement of
development policies. The use of financing mechanisms has the potential to facilitate
finance sustainability within sectors of the Blue Economy, enabling each industry to fuel
its own development. In addition, the conditions that enable an increased degree of
finance to support development through the Blue Economy need to be developed and
maintained. These conditions include low corruption, efficient processing of finance
transfers (through dedicated secure financing institutions), good governance, strong societal
and environmental standards to guide industry development, and transparency of any
non-private development. Developing methodologies, regulations, and policies to facilitate
these conditions ensures that any finance that is injected into a sector and the Blue Economy
results in tangible impact and sustainable development.

Financing mechanisms can facilitate the optimally sustainable exploitation of the
fisheries and aquaculture resources in the Caribbean, thereby ensuring the ability of these
industries to support developing Caribbean Blue Economies for future generations. One
of the largest limiting factors in financing the fisheries and aquaculture industries in the
Caribbean is likely to be awareness of the range of finance and financing mechanisms
available to industry stakeholders, as well as an enabling environment for financing the
Blue Economy sectors. This review is thus intended to aid financing institutions, Blue
Economy developers, and specifically Caribbean fisheries and aquaculture stakeholders
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and Caribbean governments by raising awareness of the financing mechanisms available,
encourage the incorporation of their use in the fisheries and aquaculture industries in the
Caribbean, and encourage policymakers to create an enabling environment for financing
development in these crucial sectors. The authors advocate for the establishment of fi-
nancing mechanisms that generate finance for an industry as opposed to once-off finance
contributions and support, as the former is more likely to have a consistent impact over the
long term.

The methods used here, as well as March et al. [4], can be applied to the holistic Blue
Economy development of other nations, including other SIDS, as follows:

1.  The identification of capacity constraints and development opportunities (in align-
ment with national development priorities).

2. Identification of potential finance and financing mechanisms.

Analysis of the enabling environment at the national level.

4. Matching of suitable finance and financing mechanisms with previously identified
financing needs in light of the current enabling environment.

5. Review of identified development solutions in light of other sectors’” development prospects.

S

Discussion of the various elements of an ideal enabling financing environment usually
occurs at a more general overarching level. However, the implementation of these various
elements differs in their suitability and effectiveness in supporting development at a
national or regional level. Given the need for the development of national Blue Economy
strategies and frameworks to address the unique development needs of any one country
(as these needs may differ between neighbouring countries), the appropriate resolution for
implementing elements of an ideal financing environment may be best suited to the national
level. In this manner, the enabling environment can be developed by supporting national
Blue Economy strategies through synergies facilitating sustainable development. While the
work in this paper completes only a part of what is required for meaningful development,
future work can involve analysis of the local enabling environment at the national level of
each of the countries discussed, such that the most suitable financing mechanism can be
implemented effectively in addressing the identified financing needs for national fisheries
and aquaculture sectors. Thereafter, the identified solutions should be reviewed in relation
to the development needs of other Blue Economy sectors so that non-limiting solutions
(to the development of other sectors) are implemented. In addition, future work should
include a detailed analysis of the feasibility and potential risks (financial, environmental,
and social) associated with the implementation of the mechanisms (at the national level)
herein discussed.

This work focussed on the development of fisheries and aquaculture sectors as part
of the Blue Economy due to these sectors having a disproportionately larger influence
on the national economy and local livelihoods. However, the Blue Economy advocates
for a holistic approach rather than a siloed or sectoral approach. We suggest that the
development of priority sectors (such as fisheries and aquaculture for SIDS) be prioritised
with the explicit consideration of the future development needs of other sectors in mind.
While non-priority sectors may be underdeveloped, the development of priority sectors
should not occur in such a way that it limits the development prospects of other sectors
of the Blue Economy [65]. The most optimal method of concurrent holistic development
of Blue Economy sectors with limited resources still remains a challenge, but the use
of innovative sustainable financing mechanisms (as they develop) has the potential to
contribute to sustainable development in Blue Economy sectors.
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Abstract: In 2017, Uganda’s small-scale inland fisheries underwent a significant transformation,
shifting from local co-management to state military enforcement owing to ineffective enforcement of
regulations and declining exports. Employing a mixed-methods approach and blending qualitative
and quantitative data, we assessed the impact of military intervention on Lake Victoria’s Nile perch
fishery, focusing on fishing effort, catch, and exports. Our findings indicate that military operations
adhered to regulations, gaining primary support from key stakeholders, specifically motorized fishing
operators. Consequently, between 2016 and 2020, legal fishing activities experienced substantial
growth. By 2021, approximately 90% of Nile perch catches were made by motorized vessels using
longlines and gillnets, despite a declining trend in catch-per-unit effort. Between 2015 and 2021,
the Nile perch fishery saw changes: boat seines made up about 5% of motorized fleet catches in
2021, while catches in paddled vessels increased from 20% to over 50%, suggesting a potential role
in the growing longline fishery. Therefore, the current management approach does not increase
catches or exports compared with the co-management period. The observed decline in catch-per-unit
effort among motorized gillnets suggests overcapacity. Further research is needed to comprehend
the broader sociological and ecological impacts of the present enforcement strategy for sustainable
fishery management.

Keywords: rule compliance; law enforcement; fisheries management; Nile perch; Lake Victoria;
Uganda

Key Contribution: This study assesses the effectiveness of military enforcement of fishery manage-
ment rules in improving fishery performance and outcomes in the Ugandan part of Lake Victoria,
replacing the existing co-management approach. However, this military enforcement approach did
not result in increased catches or exports compared with the co-management period. The observed
decline in catch-per-unit effort among the motorized gillnet fleet suggests overcapacity. Further
research is needed to fully understand the broader sociological and ecological impacts of the current
enforcement strategy for achieving sustainable fishery management.

1. Introduction

African small-scale inland fisheries are in transition. Fisheries co-management as a
cooperative instrument to secure sustainable fisheries has not proven as successful as hoped,
and some African countries have been exploring more coercive enforcement measures to
ensure rule compliance and regulate access in their inland fisheries, which have traditionally
been open access [14].
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Further, there is an increased emphasis on export-oriented, commercial fisheries
and less focus on artisanal fisheries as a source of local livelihoods [5-8]. These two
policy directions are often mutually exclusive and have important political and economic
implications [9]. This is amplified by the growing and globally integrated African national
economies that impact both fisheries and other natural resource sectors [10]. Other common-
pool natural resources on the continent, such as forestry and wildlife, have also seen a
drive from cooperation towards more high-handed, coercive approaches to enforce rule
compliance [11,12]. This has resulted in multiple paramilitary approaches and, in more
extreme cases, the deployment of full-scale military operations.

Uganda conducted an interesting study of such a transition in small-scale inland fish-
eries. In November 2015, bold reforms were introduced to fishery management. Local-level
fisheries co-management systems, the Beach Management Units (BMUs), were dissolved
through a presidential directive, as well as the military, in the form of the Fisheries Protec-
tion Unit (FPU). This was installed to enforce rule compliance on Ugandan lakes, including
the territorial waters of Lake Victoria [13]. The suspension of local-level BMUs was due
to the alleged prevalence of mismanagement under the BMUs, resulting in widespread
illegal fishing, bribery, and corruption [13,14]. Fishery landing site committees were es-
tablished to enforce fishery regulations alongside the military, contrary to the mandate of
the co-management structure, disrupting the involvement of government officials, such as
district and sub-county officers who had earlier been involved in the co-management struc-
ture [13,15,16]. An extensive military operation commenced in Lake Victoria in February
2017 and is still being implemented in 2022. When the FPU was established, it aimed to
eliminate all forms of illegal fishing gear and practices in the hope of reversing the trend of
declining catches and exports [15]. Peak Nile perch catch and export values were achieved
in 2006, 3 years after the installation of the BMUs. However, by 2015, catches had decreased
by 20% to 117,600 MT, and exports had dropped by 50% to 18,408 MT [17]. Some authors
argue that the political agenda is also to consolidate access to valuable fishery resources to
the ruling elites [11,12,18,19].

Fishing effort on Lake Victoria has been growing steadily through new entrants,
technological improvements, and increased use of illegal gear, such as small mesh monofil-
ament nets, small hooks, and beach seines, in response to the reduced availability of large
fish and growing demand for fish in national, regional, and global markets [8,20]. Nile
perch fishers, which predominantly target global export markets, must invest in larger
vessels and engines to access deeper waters where the likelihood of catching legal-sized
fish is better, while those using smaller paddled vessels have traditionally been fishing for
domestic consumption, and local or regional markets fish close to shore using small mesh
gillnets and monofilament nets. Similar trends in the development of fishing efforts have
been observed in other small-scale fisheries (SSFs), classified as commercial or artisanal,
respectively [21,22]. The FAO voluntary guidelines for small-scale fisheries, the FAO code
of conduct for responsible fisheries, and the United Nations’ Sustainable Development
Goal 14 highlight the need to increase economic benefits while protecting the access rights
of artisanal small-scale fishers [23]. However, it is difficult to reconcile increased economic
benefits while preserving access rights in some inland fishing nations, such as Uganda,
where economic growth and development is a key agenda in the productive sectors.

The objective of this study is to analyze whether the strong enforcement of fisheries
management rules has enhanced the fisheries performance and outcomes in the case
of a productive African inland fishery. This study examines the effects of a shift from
cooperation to coercion in managing the Nile perch fishery in Uganda’s Lake Victoria. It
assesses the impacts on fishing effort and catches after five years of military involvement.
Our research questions are as follows.

O  How was the military intervention on Lake Victoria organized, and what rules were
enforced?

O  To examine how coercive rule enforcement has impacted the fishing effort and fish
stocks of the Nile perch on Lake Victoria over time;
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O Tounderstand the fishery policy implications of these interventions.

2. The Challenge of Rule Compliance in African Inland Fisheries

Institutions matter, and to avoid the tragic outcomes of open access to common-pool
natural resources, an institutional framework involving formal and informal rules, norms,
and conventions related to a particular resource is required [24,25]. Resource users are
generally driven by individual interests and without definitive rules on resource use and
accountability, resources typically suffer from degradation [26]. This is a key challenge
with common-pool resources, such as inland Small-Scale Fisheries (SSF), where excluding
access is difficult, and there is a high degree of competition among users. A key aspect of
the effective governance of common-pool resources is that users adhere to the rules and
institutions enforcing them are perceived as being effective and legitimate [27-29]. Two
major challenges concerning compliance in inland fisheries exist: the inadequacy of rules
and weak law enforcement mechanisms to guide sustainable management [30-32].

Rules governing resource use in African inland fisheries are mostly centred on manag-
ing fishing effort through gear limitations, such as mesh regulations and gear bans [33-35].
These are perceived as easier to implement in fisheries characterized by many users
with varying fishing effort. However, non-compliance remains high among resource
users [30,36]. Fisheries management faces insufficient financial and personnel capacity
to enforce rules. In addition, there is also a growing uncertainty being expressed in the
literature about whether these types of effort limitations are indeed effective in ensuring
the sustainable management of SSF [34,35]. Most of the existing rules in African inland
fisheries are dated and based on scientific principles perceived to address the political
and economic interests of the state, commonly ignoring the needs of the fishing com-
munities [30,34,37]. However, successful governance of common pool resources requires
institutional frameworks to evolve, change, and adapt [28]. Over time, fishermen tend
to diversify and evolve their activities, and with rigid rules, resources are susceptible to
degradation in the long term.

Successfully co-managed, common-pool resources are mostly found when commu-
nities are characterised by well-defined boundaries, shared norms and rules, low levels
of mobility, appropriate leadership, and accountability of users [24,38]. Inland fisheries
are often transboundary, fishers are multicultural and highly mobile, and the nature of
imposed co-management is instructive, as fishers are expected to adhere to the rules rather
than participate in their formulation. Fisheries face challenges, such as inadequate re-
sources to manage the fishery, bribery, corruption, and lack of political will and genuine
enforcement to sustain the fisheries [4,14,39]. Thus, co-management to govern fisheries
has found difficulties in ensuring compliance with the rules [40]. Consequently, nations
such as Uganda have resorted to coercive powers to enforce rule compliance. The shift
to coercive enforcement, coming in the form of the military in Uganda, also depicts the
drive of individual states to control the fisheries sector. The co-management structures
had a weak law enforcement mechanism characterised by inadequate resources, poor
coordination among the BMU structures, and a lack of political will to empower enforce-
ment activities [40-42]. Consequently, fishing practices remained contrary to government
regulations, as BMU operations were mainly based on social ties rather than active law
enforcement [14,42]. The challenges of the co-management structures to enforce fishery
rules among fishers were used as arguments for the military to enforce rule compliance in
Uganda. While cooperation failed to foster rule compliance among fishers, it is also argued
that reliance on military approaches indicates a lack of social control since the state fails to
facilitate collective control over common resources [43]. Military coercion, being inherently
costly and prone to triggering violent conflicts, is not a sustainable approach, especially
for low-income countries. On the other hand, cooperation relies on voluntary compliance,
introducing the risk of free-rider problems. Therefore, there is a need to examine both
coercive and cooperative approaches, as they present different but interesting opportunities
for effective rule compliance in inland African fisheries.
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3. Materials and Methods
3.1. Study Area and Context

Lake Victoria is a 68,600 km? transboundary water body, of which 29,584 km? (43%)
belongs to Uganda. The country’s share has an extensive shoreline of 1750 km characterised
by numerous islands, making it favourable for fishing [44]. Fishing is primarily based on
three key commercial species: the small pelagic silver cyprinid, locally known as dagaa
(Rastrineobola argentea Pellegrin, 1904), Nile perch (Lates niloticus; Linnaeus, 1758), and Nile
tilapia (Oreochromis niloticus; Linnaeus, 1758). Nile perch is processed as a chilled and
frozen product for export markets, Nile tilapia is consumed locally, and dagaa is consumed
in both local and regional markets. In recent years, a lucrative trade in Nile perch maws has
developed where the value of the maw of the largest fish exceeds the value of the flesh [45].

Fisheries management in Lake Victoria evolved from self-governing communal ar-
rangements before colonial times (<1890) to centralised top-down management for over a
century [1890-2002]. A bottom-up co-management structure was introduced on the lake
in 2003 [13]. The co-management system was established in the early 1980s as part of the
global movement to decentralise governments. The shift was prompted by challenges faced
by the centralised management system in effectively regulating fisheries [4,42]. In 2015, the
co-management system was suspended in Uganda and replaced by military operations
as the FPU was effective in 2017. At the time of data collection, the FPU had established
eight operational areas around the lake, commonly known as sectors (Figure 1). Each sector
includes a minimum of two adjacent districts. The operations in each sector are headed by
a senior military commander commanding a cadre of 8-17 military personnel.

3L500°E 32.000F 32500 33.000°E 33500F 34000°E

Figure 1. Boundary demarcation among the eight areas (sectors) of FPU operations along the Lake
Victoria riparian districts in Uganda. Different colour patterns represent where each of the eight
sector commandants conducts law enforcement on the lake.

3.2. Data Sources

To analyse the structure and effects of the current military fisheries management in the
Ugandan waters of Lake Victoria, a sequential exploratory and explanatory mixed-method
approach were used, using qualitative and quantitative data. The data were gathered
and analyzed sequentially. The findings from the initial exploratory/qualitative dataset
are substantiated by a subsequent dataset, which comprises explanatory or quantitative
data in the study [46,47]. Qualitative data were obtained from the FPU personnel, while
quantitative data were obtained from the National Fisheries Research Resources Institute
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(NaFIRRI) and the Lake Victoria Fisheries Organisation (LVFO). Qualitative data were used
to provide background information, the context of the study, and to discover the structure
of the law enforcement operations, while quantitative data were used to explain the effects
of the operations on fisheries effort and catch. We chose this approach to mitigate the
comparative weakness of qualitative research, add richer detail to their conclusions, and
make the results more credible by using different methods to collect data on the same
subject as has been carried out in several other studies [46,48,49].

3.2.1. Data on the FPU Operation

Eight senior military officials, each in charge of a distinct FPU sector, were purposefully
contacted and selected for interviews. They were highly ranked and had pivotal roles in
law enforcement. Selected for their extensive expertise, these individuals were to provide a
comprehensive understanding of military intervention in law enforcement and articulate
the regulatory challenges, operational intricacies, and practical insights into maintaining
law enforcement activities on the lake. The decision to engage with these key stakeholders
was driven by the goal of capturing a holistic and authoritative perspective on the law
enforcement dynamics in the lake. A checklist of interview questions was used; however,
depending on the situation, divergences were allowed from one respondent to another
to allow respondents to talk freely. Interviews were conducted from December 2019 to
August 2020, recorded, and each lasted 45-60 min. Permission to collect data was sought
from the FPU head office. During the fieldwork, the purpose of the study and emphasis on
ethical principles of anonymity and confidentiality guiding the research was explained to
the respondents, with their consent to participate confirmed before the interviews were
taken [47]. In addition, records of confiscations of illegal vessels and gear covering the
period from February 2017 to August 2020 were obtained from each sector and compiled
for further analysis. FPU officials are tasked with recording every confiscation made per
operation, which is sent to the Ministry of Agriculture, Animal Industry, and Fisheries
(MAATF) for recording purposes.

3.2.2. Fishery Effort, Catch, and Export Data

Catch and effort data were sourced from technical reports and databases at the Na-
tional Fisheries Resources Research Institute (NaFIRRI) and the Lake Victoria Fisheries
Organisation (LVFO). Since 2004, LVFO, in collaboration with partner fisheries research and
management institutions in Uganda, Kenya, and Tanzania, has been monitoring fishing
effort and catches on Lake Victoria through periodic frame surveys and continuous catch
assessment surveys. Frame surveys (FS) are conducted biennially, with logistics permitting,
and involve a complete census of all fishing effort variables, such as the enumeration of
active landing sites, fishing vessels, gears, and fishers. Catch Assessment Surveys (CAS)
involve the collection of catch data from a sample of vessels and landing sites throughout
the year. Through the FS, an effective sampling frame is used to determine a representative
sample of landing sites within the districts to be sampled [50,51]. Landing sites were
selected randomly with a probability proportional to their size (PPS) measured in terms of
the total number of vessels landing at the site, and catch data were obtained from vessels
at random. The final data are representative of approximately 10% of all landing sites
on the lake. These datasets are collected by trained enumerators, following the LVFO
harmonized Standard Operating Procedures and data forms [50,51]. For this study, the
time-series data were segregated into three discrete periods: the BMU management system
era (2004 to 2015), the year of transition (2016), and the FPU period (2017 to 2021). The
transition period in the study describes the period during which the BMU structures were
disbanded until the commencement of FPU operations in 2017. Catch assessment data
were sorted, and trips where either legal or illegal gillnets or /hooks were deployed, but not
both, were selected for further analysis. This was carried out to eliminate any bias due to
the uncertainty in identifying which catches or fish sizes were caught using legal or illegal
gear by a specific vessel.

44



Fishes 2023, 8, 563

Fish export data were sourced from the statistical databases of the Bank of Uganda
and the Uganda Bureau of Statistics [17,52], to cross-reference and validate the information
retrieved from these sources. Data verification was conducted using an additional dataset
provided by the Directorate of Fisheries Resources (DiFR).

3.3. Data Analysis

Interviews with the FPU senior commanders were transcribed and, in the analysis,
the authors sought to find and analyse direct quotes from the interview respondents that
discussed aspects related to the study objectives on how the military intervention was
organised and the rules imposed. Quantitative data obtained from the sectors included
records of confiscations, which were collated, summarised, and presented by year. The
catch and effort data were analysed according to different types of gear and vessels.

Yearly average total catches were computed from the LVFO catch assessment survey
data, whereas CPUE was computed based on vessel-level catch assessment data. For
the latter, a proxy variable, the average weight of fish landed (kg ﬁshfl), was computed
as a fraction of the total weight of the catch and the number of fish in a vessel for each
observation. The CPUE was then presented as the kg per gear unit hours fished with gear
units and hours fished as the effort variables over the study period from 2005 to 2021. The
analysis and presentation of findings aimed at comparing the BMU (2005-2015) with the
FPU period (2017-2021), where changes in effort, catch, CPUE and the average size of fish
caught were used to explain changes related to the change in management. We compared
the CPUE between vessel propulsion types and years using a two-way Analysis of Variance
(ANOVA) and a post hoc Tukey test. All statistical and graphical analyses were performed
using R software (4.0.3) [53] Packages dplyr and ggplot2 were used for data manipulation
and visualization, respectively [54].

3.4. Limitations

Despite the study’s strengths, it is essential to acknowledge its limitations, including
its relatively small sample size. Qualitative data were collected from eight officials, and
the quantitative data covered 10% of the total landing sites. The non-random, purposive
selection of the qualitative sample limits generalizability and caution is warranted when
interpreting the broader impact of military activities on the lake. Additionally, missing data
in the quantitative analysis were non-random, affecting 8 out of the 17 years due to limited
funding. Therefore, the findings should be cautiously interpreted, avoiding generalizations
of catch trends for the entire 17-year period.

4. Results and Discussion
4.1. The Military Operation on the Lake

In 2014, 409 BMUs were recorded in the Ugandan part of Lake Victoria. In November
2015, the BMUs were suspended, and the FPU was installed to enforce rule compliance
among fishers, starting its operations in February 2017. Most of the fisheries management
rules that have been implemented are based on the fisheries legislation of Uganda, the
most fundamental one being the Fish Act Cap 197 of 2000 and its amendments in the fish
(fishing) rules of 2010, which did not change with the transition from the BMU system to
the FPU. Sector commanders indicated that they had prior experience in operating in a
marine environment under the Uganda Peoples Defence Force (UPDF) and this was part of
the criteria for deployment in the FPU. In 2016, members of the FPUs received a 2-week
orientation by the Ministry of Agriculture, Animal Industry and Fisheries (MAAIF) officials
on the fisheries rules to be enforced, as noted by one respondent: “Most of us were or are part
of the UPDF marine. . .we undertook training with the ministry officials at the fisheries training
institute and taught on what is acceptable on the lake, so whatever is prohibited on the lake according
to the rule of law we abolish it (...)".

Some of the equipment used for enforcement such as vessels and engines were pro-
vided by the MAAIF through the Directorate of Fisheries Resources (DiFR) and in some
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cases, additional equipment was supplied by prominent commercial fishers who supported
strict enforcement. Under the FPU, fishers and vessels on the lake have to be registered and
licensed, Fishers targeting Nile perch, Nile tilapia, and other larger species are prohibited
from using gillnets < 5", cast nets, beach/boat seines, monofilament nets, hooks size > 10
(the naming of hook sizes is such that the hooks become smaller as the size number in-
creases), and indiscriminate fishing methods and the use of vessels smaller than 28 ft/8.5 m.
Dagaa fishers are allowed to fish with a maximum of 8 small seine net panels and with
vessels > 28 ft/8.5 m (Table 1). The use of illegal fishing gear and practices had been
prevalent among smaller fishing vessels operating in the inshore areas of the lake [55-57].
Military officials also observed this, and hence, the eradication of small fishing vessels has
been a major target throughout the enforcement work of the FPU.

Table 1. Rules enforced by the Fisheries Protection Unit (FPU).

Legislation Rules

e Vessel registration and licensing.

e Prohibit indiscriminate methods of fishing, e.g.,
poisoning, tycoon (forcing fish into the nets by beating
the water), etc., cast nets and beach seines.

Fish Act Cap 197 of 2000 Prohibit the use of gillnets < 5 inches, hook size > 10, and
The fish (fishing) rules of 2010 monofilament nets.

e Acceptable fish slot size 50— 85 cm TL for Nile perch and
>25 cm TL for Nile tilapia.

e  Vessel size < 28 ft (8.5 m) prohibited for fishing.

e Maximum of 8 panels for the seine nets for dagaa fishers.

Although the BMUs had been suspended, military officials consulted and engaged
stakeholders at the local level in their activities to ensure the success of the enforcement
operations. In one case, a respondent said: “We work closely with the AFALU (Association of
Fishers and Lake Users) and some former BMU chairmen help, we collaborated with them from
the start, they gave us people to work with, in navigating the lake from the start. . .they gave us their
boats and engines. . .they also feed us with information on the illegal activity hotspots”. Engaging
local stakeholders enhanced law enforcement, as the stakeholders ensured the acceptability
of the regime shifts from the BMU to the FPU at the landing sites. With the suspension of
the BMUs, the AFALU, whose membership is dominated by commercial Nile perch fishers,
nominated two persons at every major landing site to report illegal fishing activities to
the military. It is, therefore, no surprise that the AFALU has been identified as one of the
major actors behind the suspension of the BMUs. Such a swift change in management in
Uganda was possible because transition powers remained with government actors rather
than resource users [15,16]. Mpomwenda et al. [13] indicate that commercial Nile perch
fishers were dissatisfied with the local-level BMU structure and local fisheries officials. The
enforcement of the rules is perceived to favour commercial Nile perch fishers over artisanal
fishers using small vessels.

4.2. Enforcement Activities of the FPU and the Effect on Fishing Effort
4.2.1. Effect on Fishing Effort

At the beginning of the 21st century, most fishing vessels on Lake Victoria were
unmotorised and mainly paddled (80%), while some used sails. Over the first two decades
of the century, there was no growth in paddled or sailed vessels from 2006, while an
exponential growth in the number of motorized vessels was recorded, with an average
annual growth rate of 11% from 2000 to 2020 (Table 2).
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The use of legal gillnets > 5" and longline hooks size < 10, which are mostly confined
to motorised vessels, did not reflect the increase in the number of motorised vessels. The
number of legal gillnets increased steadily from the beginning of the century until reaching
a peak of about 500,000 in the 2006 census. The number of legal gillnets then fluctuated
around 360,000 but increased again sharply to about 560,000 in 2020 after 4 years of military
enforcement. The use of illegal multifilament gillnets fluctuated between 50,000 and 90,000
until 2016 and reduced to less than 9000 by 2020. The relative importance of multifilament
gill nets < 5" in the Nile perch fishery decreased over time, and thus military enforcement
was effective in reducing the use of illegal multifilament gill nets.

Monofilament nets and basket traps are highly efficient gears on Lake Victoria and are
mainly associated with the artisanal fishery targeting juvenile Nile perch near the shore.
Monofilament nets were first recorded in the 2004 frame survey when less than 1000 nets
were recorded. No monofilament nets were recorded in the 2006 frame survey, but in 2008
about 11,000 nets were recorded. Their numbers then grew in subsequent frame surveys
and reached almost 32,000 in 2016. In 2020, they were down to about 15,000, a reduction of
52%. Over the same period, the number of paddled vessels had been reduced to 8500, a
reduction of 51% from the survey in 2016. Reductions in effort variables such as landing
sites, monofilament nets and beach seines are consistent with results given in [58], which
indicated a general decline in these effort variables.

Longlines were first recorded in the 2006 frame survey, although longlining had
already been practised to some extent earlier, both by commercial and artisanal fishers. In
the beginning, the majority of longlines had legal-sized hooks, but with time, illegal smaller-
sized hooks became increasingly dominant as the number of hooks increased (Table 2).
The use of illegal hooks was especially prominent in commercial fisheries (Figure S1). In
2020, there had been a large drop in the use of illegal hooks from about 4 million in 2016
to 1 million in 2020. At the same time, the number of legal hooks increased from about
500,000 in 2016 to 3.3 million in 2020.

The increased use of small hook sizes (>10) and monofilament nets during the BMU
period had been attributed to the decline in large-sized Nile perch, prompting fishers to
shift to gear with greater fishing efficiency [55]. Illegal fishing gear usually targets immature
fish, which is then thought to result in the reduction in larger fish. We note that before
enforcement there was no increase in legal gear but rather illegal hooks and monofilament
nets, which can be seen as an adaptation for fishers to effectively harvest the available sizes
of the perch.

4.2.2. Confiscation of Illegal Gear and Vessels

During the first 3.5 years of operations, the FPU confiscated a total of 27,880 vessels
(Table 3). These were mostly of the parachute type (80%) (Table 3). Unlike other vessel types,
the parachute vessels are paddled and less than 6 m in length, and with their small size,
can only access shallow inshore areas where they target juvenile and spawning fish [55,59].
The Ssesse-type vessels can be fitted with an outboard motor and range from 6 m to 15 m,
thus including illegal ones of < 8.5 m, which were confiscated, and vessels larger than 8.5 m
operating with illegal fishing gear were also confiscated, albeit with the military officials
noting that the latter were given back to the owners after a fine. Despite these massive
confiscations, the number of paddled vessels recorded in the frame survey in 2020 had only
dropped by 8800 from the 2016 survey (Table 2).

The reduction in most illegal fishing gear from the frame surveys in 2016 to 2020 was
proportional to the reduction in small fishing vessels, at around 50%, irrespective of the
amount of gear confiscated. Thus, a total of about 540,000 monofilament gillnets were
confiscated, which is 35 times the reduction recorded between the two last frame surveys in
2016 and 2020. The number of confiscated seines was 7 times, cast nets 3 times, and basket
traps 0.6 times. The easiest and most effective gear to replace is the monofilament gillnets
and this could be attributed to the low cost of doing so, which respondents also affirmed,
“these manyala [monofilament] nets and little hooks are the worst to eliminate, they are cheap to

48



Fishes 2023, 8, 563

obtain. . .one can just get three nets and use his small boat at the shores, so they incur less capital
and then within a few days, they have recovered their money back” .

Table 3. Vessels and fishing gear were confiscated by the FPU during law enforcement operations on
Lake Victoria in Uganda. Data provided by sectoral commanders for the period February 2017 to
August 2020.

Effort Variable Year February 2017 2018 2019 August 2020 Total
Fishing vessels Parachute (<6 m) 6136 3622 7154 5434 22,346
Ssesse vessels (6-12 m) 924 2374 649 649 4596
Unspecified 318 555 65 938
Total of vessels 7060 6314 8358 6148 27,880
Fishing gears Hooks size > 10 1,123,863 2,413,174 3,400,299 775,111 7,712,447
Multifilament gillnets < 5 22,400 15,322 44,630 2500 84,852
Monofilament gillnets 147,331 244,949 99,992 47,391 539,663
Basket traps 290 631 474 538 1933
Beach/boat seines 2014 2377 1862 1185 7438
Cast nets 1278 967 324 382 2951

Overall, the elimination of illegal gear used both by paddled and motorized vessels,
such as illegal multifilament nets and small hooks, appears to have been quite effective.
Confiscated multifilament nets do not appear to have been replaced and their use dropped
by almost 90% between frame surveys. The use of small hooks was reduced by 73%
between surveys and while these are readily replaced, the large increase in the use of legal
hooks has reduced the incentive to replace confiscated small-size hooks (Table 2).

To the military officials, the confiscations have been successful, and the need for
surveillance has dropped with time. A challenge, though, could be the cost of surveillance,
which was mentioned by officials, in addition to the reduced intensity in conducting opera-
tions; “Initially operations were held frequently and randomly with more support, however, this has
changed because the rate at which crime is detected, and arrests made have also reduced. . .operations
are now conducted based on information received”. There was however no detectable reduction
in the confiscation of small vessels during the first 4 years of military intervention.

4.3. Changes in Catches during the BMU and FPU Management Regimes

During the BMU period, there was a consistent decline in overall Nile perch catches
from ~90,000 t in 2005 to <50,000 t in 2015, and fish exports declined by 50% from 2005
to 2008, after which they remained relatively constant until increasing in 2018 (Figure 2).
Fisheries on Lake Victoria supply more than 90% of Uganda’s total exports [60]. Exports
continued to increase in 2019 when they were 60% higher than at the end of the BMU
period. The observed decline in exports in 2020 and 2021 could be attributed to the stringent
COVID-19 pandemic restrictions, where few fishery actors were required to work thus
affecting the quality and quantity of Nile perch available for processing and export [61].

With the FPU in charge of law enforcement, it is reported that six more factories for
processing Nile perch had opened by 2019, adding to the five existing in 2015. This has
been reported as the major achievement of the FPU by the Uganda Fish Processors and
Exporters Association (UFPEA) [60]. Moreover, UFPEA and AFALU have been reported to
support military activities on the lake, the latter being confirmed by the FPU officials in this
study [15]. Rightly or wrongly, the implication is that the shift in management enhanced the
survival of the commercial Nile perch trade’s value chain by imposing strict measures on
illegal fishers. The surge in mechanized fishing operations, concurrent with the opening of
six new factories, aimed to yield higher catch volumes. This rise in motorized vessels was
driven by the demand to supply fish to the newly established processing facilities. However,
the study findings indicate a non-significant increase in catch volume post-enforcement,
prompting inquiries into the efficiency of vessels in meeting industry supply. Moreover,
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there is a deliberation on the cost-effectiveness of the enforcement measures, considering
the observed outcomes.

Total catch

20?7 _(
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Figure 2. Annual Nile perch catch and exports as volume (1000 tons) during the BMU and FPU period.

In 2005, paddled vessels accounted for just over half of the total Nile perch catch at
about 48.5 thousand tons. Thereafter, there was a gradual decline in the importance of
paddled vessels, and by 2015 they accounted for about 13,000 t, equivalent to 35% of the
total catch. By 2021, their catch of Nile perch was about 8000 t, around 13% of the total
(Figure 3A). These changes correspond to the changes in the fleet, with rapid growth in the
number of motorised vessels since 2016 and a halving of the number of paddled vessels
due to the confiscation of vessels (Table 2).

In 2005, about 80% of the Nile perch caught in the commercial fishery was taken
in gillnets and the rest by longlines. The proportion of Nile perch caught by longlines
increased to about 30% by 2008 and remained about that figure until 2015. In 2021, longlines
accounted for about 40% of the catch, gillnets for 52%, and the rest was caught using mostly
illegal gear including beach seines, cast nets, and basket traps. Paddled vessels used a
greater variety of gear to catch Nile perch, but gillnets and hooks (longlines and handlines)
accounted for around 60-80% from 2005 to 2015. In 2021, the use of gillnets by paddled
vessels had dwindled to a mere 10%, while catches were dominated (51%) by beach and
boat seines followed by hooks (long and handline) at 30% (Figure 3B).
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Figure 3. The proportion of Nile perch catches from vessels sampled in the study period by (A) vessel
propulsion as paddled and motorised and (B) and gears; BES—Beach Seines, BOS—Boat Seines,
CN—Cast nets, GN-MU—Multifilament gillnets, GN-MO—Monofilament gillnets, HL—Hand
line hook, LL—Longlines, LN—Lift nets, MF—Monofilament, and OT—Other unidentified gears,
SN—Scoop net, SS—Seine nets, TR—Basket traps.

Since 2015 there has been a marked reduction in the use of illegal gear and small
unmotorised vessels, while the number of motorized vessels has continued to grow. There
has been some increase in the use of legal gillnets, but the main increase has been in the use
of legal-size hooks in both the artisanal and commercial fishery. The increased use of larger
hooks has led to an increase in catches of large-sized Nile perch (Figure S2), as has also
been reported in other studies [45,62,63]. This shift in the fishery has increased the demand
for bait fish, which is likely the reason for the increased importance of beach seines in the
artisanal fisheries (Figure 3B, [45]).

Increased effort targeting large Nile perch reflects the emergence of a lucrative fish
maw business, where the economic returns are in favour of capturing the largest Nile perch
individuals [45,64,65]. The Nile perch fishery, which is now mostly composed of motorised
fishing vessels, does not only aim at targeting the high-value factory-sized Nile perch
(>50-85 cm TL), but much larger specimens for the fish maw trade which also appears
to be attractive to the artisanal fishers with 30% of them operation long-lines and hand
lines. Larger fish sizes are reported to have larger maws for instance the length of fresh
maws for the 50 cm and 80 cm TL Nile perch individuals was estimated at 17 and 28.5 cm
respectively, price per kg was also higher for larger maws at USD 210-270 while smaller
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maws were valued at USD 40-55 [45,64]. Thus, fishing for maws is economically attractive
for fishers and other actors along the Nile perch value chain.

Nile Perch CPUE

A significant decline in the CPUE for the motorised gillnet Nile perch vessels was
observed throughout the study period, from 4.5 kg panel ! h fished at the beginning of
the study period, to 3 kg panel ~! h fished in 2015, and further down to 1.8 kg panel~! h
fished in 2021. The CPUE for the artisanal gillnet fishers, who primarily use monofilament
gillnets [56], declined from 4.2 kg panel h~! fished in 2015 to 3.5 kg panel h! fished in
2021, but there has, however, not been a significant decline throughout the study (Figure 4,
Tables S1 and S2), indicating that there has not been a detectable change in the density of
small Nile perch in coastal waters. Small Nile perch of 10-50 cm TL are the most abundant
(>80% of the sampled individuals) in the inshore areas of Lake Victoria, as measured in
acoustic surveys [66]. A high abundance of small-sized Nile perch has long been reported
on the lake [58,66,67]. Although the CPUE of monofilament gillnets has remained high, the
importance of this gear in the Nile perch fisheries has dwindled as it only accounts for 1%
of the total catches among all gear in 2021.
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Figure 4. CPUE for Nile perch gears in kg per unit hours fished for motorised and paddled vessels
for the catch assessment survey period 2005-2007, 2010-2011, 2014-2015, and 2021 [56].

Legal hooks dominated both paddled and motorised vessel groups at the beginning
of the study period, with a shift to illegal hooks by the end of the BMU period. With the
FPU setting in, a dominance of legal-size longline hooks was observed in the frame survey
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in 2020 and the catch assessment survey in 2021. (Table 2, Figures S1 and S2). A slight
increase in the average CPUE was observed in the artisanal fishery from 2015 to 2021, and
a reduction in the commercial fishery was not found to constitute a statistically significant
difference (p = 0.113) (Table S2).

The CPUE in the longline fishery did not indicate a significant difference between
vessel groups from the beginning of the study period and throughout the BMU period
(Figure 4, Table S2). Changes over time in the use of illegal longline hooks were quite
similar for both motorised and paddled vessels, which is also reflected by the similar size
distribution of Nile perch harvested by motorised and paddled vessels (Figures S1 and S2).

5. Conclusions and Implications for Policy

The study examined the structure and effects of military law enforcement on the Nile
perch fisheries on Lake Victoria in Uganda. The results show that the Nile perch fishery
on Lake Victoria in Uganda is highly dynamic and responds rapidly to changes in the
biological, social, and economic environment in which it operates.

After the first 5 years of military intervention, there has been an increased emphasis
on the long-line fishery and catches of large Nile perch have increased substantially, both
in absolute terms and regarding the proportion of larger fish caught. Exports of Nile perch
increased rapidly from 2016 to 2019 but declined significantly in 2020 and then reached
the lowest point in 2021. Although this can be attributed to the COVID-19 pandemic, it is
also possible that national and regional markets have become more important, and that a
substantial part of the catch is comprised of individuals that are too large for the factories.

The fishing rules that have been enforced were specified in Uganda’s fisheries legisla-
tion; however, these rules foster more commercial fishery operations than subsistence ones.
In the early 20th century, regulations, including the imposition of a minimum gillnet mesh
size, were implemented to promote sustainable harvesting of commercial tilapia fisheries
on Lake Victoria. However, these measures proved ineffective in preserving the native
Oreochromis esculentus, the targeted tilapia species at that time. [67]. The Nile perch fleet
alone makes up almost half of the fishing fleet on Lake Victoria in Uganda, and thus, to
the commercial fleet owners and stakeholders along the value chain, the rules could be
perceived as effective and legitimate. The institution and operation of the FPU in Uganda
addressed the perceived “laxity” of co-management in enforcing rules, and the military has
confiscated large numbers of small vessels and illegal gear since 2017. However, the results
indicate that the goals to increase catches and exports relative to the BMU period may not
be achieved in the long term. An increase in catch and exports was also realised in the early
years of the BMU regime. Based on the findings of this study, there are no indications that
the current regime has achieved the stated goals of increasing catch and exports relative
to the preceding co-management period. A continued decline in catch-per-unit effort was
observed for the motorized gillnet fleet, indicative of the overcapacity of the fleet. Driven
by individual interests, the Nile perch stocks could suffer from resource degradation, as
evidenced by the proportion of larger specimens being sought for economic benefits. It
remains to be seen how the increased fishing pressure on the largest Nile perch may change
the population structure, but most likely lead to reduced size at maturity and the maximum
size attained [67]. Such a scenario would have serious implications for both the export of
Nile perch and the maw trade.

On the side of the paddled vessels, we notice that in the first 4 years of military
intervention, around 8000 small vessels were confiscated annually. Meanwhile, the use of
illegal monofilament gillnets decreased, and most surveyed paddled vessels in 2021 were
engaged in longlines and handlines to target large Nile perch or beach seines. This shift is
likely due to the increased demand for bait fish in the expanding longline fishery. By 2020,
the number of paddled vessels declined from approximately 17,000 in 2016 to 8500 in 2020,
while almost 28,000 vessels were confiscated, indicating a persistent incentive to operate
them. This is expected as no alternative incentive was given to the “illegal” artisanal fishers
before the commencement of law enforcement.
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The research provides valuable insights into the complex interactions involving mili-
tary law enforcement on Lake Victoria, Uganda. It reveals the challenges associated with
enforcing regulations, particularly in developing countries where the local socio-economic
fabric is deeply intertwined with these vital natural resources. Two significant findings
of the study are worth highlighting. Firstly, the study raises concerns about regulations
inadvertently promoting excessive growth in fishing capacity in the commercial Nile perch
sector. This, along with size-selective fishing, contributes to ongoing declines in catch levels
of the commercial fleet. Secondly, the removal of smaller vessels implies a risk of social
disruption in fishing communities, potentially causing the breakdown of social structures.
This disruption may impact fisheries management, employment, and livelihoods. Hence,
an assessment of the effectiveness of the current fishery laws concerning fish population
dynamics and deliberate economic diversification may provide viable solutions to address
these issues.

While our study has limitations, we acknowledge the need for future research to
address these concerns. Diversifying interviewees to include fishers, local government
actors, and fishing communities can provide a more comprehensive understanding of the
social implications of military rule. Further research should explore the potential ecological
effects of size-selective fishing and the necessity for revising fishery regulations considering
the shifting fish population structure. Lake Victoria, a eutrophic lake, faces challenges
exacerbated by a rapid increase in the human population in its catchment. Algal blooms in
coastal areas lead to reduced dissolved oxygen, making these zones less suitable for larger
fish [68-70]. Consequently, decreasing fishing effort in these areas may not necessarily
increase larger fish. Although the study did not explore fish-environment interactions, such
dynamics should be considered in formulating fisheries management plans. These efforts
contribute to sustainable fishery management practices, which are crucial in addressing the
complex issues related to law enforcement and fisheries.
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2010-2011; 2014-2015 and 2021, Figure S2: Comparison of the fish size distribution for the vessel
groups; motorised and paddled and gears; gillnets and longlines; Table S1: ANOVA results for CPUE
of the gillnets and longline vessel trips, Table S2: CPUE post hoc tests for gillnet and longline vessel
trip comparisons.
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Abstract: Aquatic products fulfill the protein needs of people and play an important role in food
safety. And aquaculture is prized for its high productivity, sustainability and environmental friend-
liness. Considering the importance of aquaculture, the legal risks exposed during the aquaculture
process deserve attention in order to prevent them from hindering the development of the aquacul-
ture industry. Through online research, literature analysis and practical communication, it is shown
that the current legal risks with commonalities include land use violations, lack of legal documents,
failure to meet tailing water criteria, unquarantined fry and misuse of prohibited agricultural pharma-
ceuticals through online research, literature analysis and practical communication. By analyzing the
reasons for the formation of legal risks and combining the experiences in sustainable development of
three major aquaculture countries, which are Korea, Norway and Chile, this paper provides targeted
preventive remedies and suggestions for aquaculture operators, administrative parties, legislators
and other parties on legal risks. It includes promoting the improvement of the rule of law in multiple
aspects, clarifying the positioning of the aquatic breeding certificates, improving and propagating the
standards for wastewater discharge, increasing the self-sufficiency rate of aquatic fry and fingerlings,
as well as making use of the synergy of soft law and hard law.

Keywords: aquaculture; legal risks; land use regulation; the right to use sea areas; wastewater
discharge

Key Contribution: First, this paper emphasizes the impact of the law on the aquaculture economy.
Focusing on legal risks that are of low concern and providing remedies for prevention and control can
help prevent aquaculture operators from undermining their production and development dynamics
due to the loss of financial interests, which would consequently affect the market and the industry.
Second, based on the analysis of common legal risks in practice, this paper responds to the needs of
foreign scholars who want to learn about the current situation in China and provides warnings and
references for other countries that are developing aquaculture industries. Third, this paper focuses on
the transition between former and new legal provisions and the separation between law and practice
and uncovers a phenomenon that has received limited attention but is in urgent need of remedy. It
includes the legal connection in terms of property rights, the update of regulatory provisions for the
discharge of wastewater and the illegal use of non-pharmaceuticals. It also provides doctrinal expla-
nations of disputes over aquatic breeding certificates and offers complementary recommendations
for the issue of quarantine of aquatic fry or fingerlings beyond the general perspective. This helps
highlight the important role of the law in the green development of the aquaculture industry.

1. Introduction

Fish provide 17% of animal protein and 7% of total protein consumed globally. More-
over, based on an analysis of potential mariculture production, it is projected that oceans
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can provide almost two-thirds of the total protein demand of the world population [1]. It
is predicted that production from the oceans could provide nearly two-thirds of the total
protein needs of the world’s population, based on an analysis of potential mariculture
production. The fisheries and aquaculture sectors have been increasingly recognized for
their essential contributions to global food security and nutrition in the twenty-first century.
However, the FAO’s long-term monitoring of assessed marine fishery stocks confirms that
marine fishery resources have continued to decline [2]. Consequently, aquaculture, both
mariculture and freshwater aquaculture, has been suggested as a possible alternative for
fisheries towards mitigating food security problems and preventing the loss of wild fish
supplies [3]. According to the data provided by the FAO for the period 2017-2020, it is
known that aquaculture accounts for about half of the world’s fish supply and is expected to
grow further, which makes it an important part of the supply of high-quality protein for the
global population [4]. Moreover, aquatic foods have a lower environmental footprint than
other animal-sourced proteins [5]. Joseph Poore et al. suggest that farmed fish have been
estimated to have 87% smaller carbon footprints than beef, use 49% less land than poultry,
and require 84% less stress-weighted fresh water than pigs [6]. In conclusion, aquaculture
is prized for its high productivity, sustainability and environmental friendliness.

However, there are legal risks associated with the production stage of aquaculture,
which directly affect the production and development viability of aquaculture operators
and consequently affect the expansion of the industry. At the production stage, aquaculture
operators are inclined to focus on technical issues directly related to actual output and
trends towards market prices, while paying insufficient attention to legal issues. Currently,
increasing legal provisions for administrative orders have diluted their close relationship
with morality. It is difficult for aquaculture operators to fulfil legal obligations beyond
their perception based on general public morality in the absence of an objective and
comprehensive knowledge of the law. And that is where the legal risk exists. Whereas the
perception of illegality is the basis for the establishment of a crime in the liability doctrine,
the establishment of an administrative penalty does not require illegality or subjective
intent as a necessary condition. In other words, aquaculture operators are responsible for
legal risks that they cannot identify.

The resulting significant losses, including the clearance of fishponds and high fines,
have affected operators’ ability to continue their production and development, with further
impacts on the market and industry. Legal risks, on the other hand, arise internally and
are, therefore, controllable. Therefore, there is an important practical significance on how
to identify, analyze and prevent the legal risks in the aquaculture field for the economic
interests of the operators, the stability of the market, and the expansion of the industry. This
article’s theoretical significance also lies in the fact that it takes into account the inability of
many aquaculture and food policy scholars to access literature in the Chinese language [7].
By researching the basis of the current status of China, this paper is able to increase scholars’
understanding of the aquaculture aspect of Chinese aquacultural practices. And it also
takes into account the current state of affairs in China, where 57% of the total aquaculture
volume and 59% of the global value of its output is produced, and where changes in its
policies can have a significant impact on the state of aquaculture in the world [2]. This
paper analyzes the legal risks prevalent throughout China to be able to provide a warning
to other countries interested in developing aquaculture and may even be able to provide
some new legal insights for other countries in terms of preventive and control measures.

Based on the literature, it is clear that the above impacts of law on the aquaculture
economy have not received sufficient attention in the academic field. As a whole, up
to September 2023, 8185 articles can be searched by using Web of Science as the search
platform and “aquaculture” and “risk” as the keywords. Its content focuses on natural
disciplines, such as environmental sciences, fisheries, marine freshwater biology, and so on,
with less literature on the social sciences. In particular, there are only five articles under
the law classification. In the following, the research will adopt the methods of literature
analysis and comparative study on the basis of analyzing the relevant results of domestic
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and foreign scholars. On a specific level, respectively, legal risks in aquaculture mainly
exist in property rights, licensing, discharge, fry or fingerlings and pharmaceuticals.

First, as a matter of consensus, stable property rights are the legal basis for developing
long-term aquaculture and achieving economic growth [8-12]. And the reason for the
instability of property rights is that the value of aquaculture is in conflict with other values.
As noted by the FAO in its review of aquaculture development in the Near East and North
Africa, conflicts of interest can occur among different authorities involved in governance
and regulation, which may lead to poor management, strategies and policies [13]. In
Norway, this conflict also exists between coastal zones and aquaculture management [14,15].
In this regard, policy integration can reduce the incidence of conflict [16]. And in the face
of national issues in food security, the value of aquaculture (mainly freshwater aquaculture
on land) takes a back seat and cannot be safeguarded. For example, Myanmar, which now
ranks among the top 10 global aquaculture producers, has strictly enforced laws against
converting rice fields to fishponds in smallholder areas, despite potential employment and
income gains [17-19].

With regard to the risk of unsecured property rights resulting from low-value parity
in aquaculture, the existing literature has focused on providing advice on site selection
to avoid negative policy-induced impacts [20-24]. Little attention has been paid to the
interface between the former and new laws or policies. Therefore, this paper will provide
additional research in a targeted manner.

Second, access permits are the legal threshold for engaging in aquaculture. Due to
the overlap in geographic space, the right to use waters and mudflats for aquaculture
(including mariculture and freshwater aquaculture) is manifested as the simultaneous
utilization of the right to use the sea areas and the right to practice aquaculture in the case
of mariculture and as the simultaneous utilization of the right to use the lands contracted
for management and the right to practice aquaculture in the case of freshwater aquaculture.
Acquiring the right to use non-private sea areas or lands becomes, in essence, a license
for access to aquaculture. The particularity of mariculture is that the operator is required
by law to obtain both a certificate for the right to use the sea area and a certificate for
aquaculture.

Some Chinese scholars have raised objections to such provisions. Jianyuan believes
that different rights existing in the same sea area are prone to conflict and that the system of
rights to use the sea areas should be abolished [25]. Hui believes that “double certificates”
are duplicated contrary to the principle of efficiency, and it should be legal aquaculture
even if the operator only has the certificate of the right to use the sea area [26]. Wanzhong
believes that the conflict between the two rights raises another conflict of interest between
the subject of the right to use the sea area and the subject of the right to participate in
aquaculture, which results in a chaotic status quo of the management system of sea use for
aquaculture [27].

Some scholars have raised objections. Ying believes that the certificates of the rights to
use the sea areas confer the right to use the sea areas on the users, while the aquaculture
certificate is a license for the industry, and the two certificates could co-exist at the same
time in practice [28]. And in the face of the issues in practice, the abolition of certificates
conveying rights to use the sea areas is not an effective way. Lifeng suggested that the
current role of aquaculture certificates has not been effectively played, mainly because of
the unclear relationship between the nature of aquaculture certificates and other certificates,
which needs to be clarified in the legislation and issuance of certificates [29]. Shiling and
others proposed that the violations should be distinguished into administrative violations
and civil violations, and the right to use the sea areas for aquaculture and the property
rights of aquaculture should be distinguished in the trial process and reflected in the
judgment results [30].

The relevant literature focuses on the domestic context, as the system of the right to
use sea areas is unique to China. However, there is also literature abroad that addresses the
problem of the unclear expression of provisions. Engle argues that if regulations are compli-
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cated and lack clarity, aquaculture producers must spend more time and financial resources
identifying what rules apply and how to comply with them [31]. It was a common view
that complex provisions would undermine the effectiveness of implementation [32-35]. In
support of this view, this paper focuses on the specific system in China and clarifies the
law’s dual-certification requirements for aquaculture, which will help operators to carry
out their activities and help scholars from other countries conduct comparative research in
the case of China.

Third, the strength of the regulation of wastewater is related to the sustainability of the
aquaculture industry. The law, as a regulation of behavior, should update the regulatory
measures in concert with the development of practice. For example, for the Contaminants of
Emerging Concern (CECs), a number of countries have taken proactive measures. The EPA
developed a Contaminant Candidate List (CCL) of chemicals that may contaminate public
drinking water [36,37]. The European Environment Agency (EEA) assists with relevant
assessments to improve the environment in European Union (EU) member states [38].
Chinese scholars also call for a new response based on existing provisions. The internal
structure of the mariculture sector in China is changing fast [39], and the laws should be
implemented and updated in line with the changes in the structure of mariculture [40].
Lack of effective monitoring and legislation on effluent discharge are the main bottlenecks
that are currently limiting appropriate aquaculture site selection and carrying capacity
management in China [41].

To update the regulations, Wang suggested that the relevant authorities need to
establish standards, including emission limit values (ELVs) and environmental quality
standards (EQSs), in the mixing zone for important contaminants present in the effluent,
which apply to the water quality at the end of point-source and within the receiving
environment, respectively [42]. For monitoring after standards have been established,
Ottinger et al. proposes expanding the monitoring area by using remote sensing techniques
to acquire and analyze environmental data at various spatial and temporal scales [43].
This paper will also put forward institutional proposals in response to this issue, so as to
alleviate legal lags.

Fourth, aquatic fry and fingerlings may carry viruses or pathogens, which may ad-
versely affect production safety, personal health and the environment.

It is important to detect the ability of the host to carry the virus at an early stage so
that the continued spread of the virus can be prevented [44-46]. Existing perspectives
from abroad focus on strengthening import quarantine. Ortega proposed in his study to
develop stricter prevention methods to prevent the introduction of diseases, even while
acknowledging the dependence of Mexican rainbow trout aquaculture on imported trout
eggs [47]. Based on the importance of aquatic fry and fingerlings, the Animal Health
Protection Act (AHPA) in the U.S. gives the United States Department of Agriculture
(USDA) a great deal of discretion in dealing with disease [48]. And using its discretionary
power provided by the AHPA, the USDA could limit or ban imports, exports and interstate
movement; impose importation quarantines; or order the destruction of certain imported
aquatic species, their parts, and articles [49]. The environmental threats of non-native
aquatic animals motivated the European Commission to pass. Council Regulation No.
708/2007, which requires that approval to introduce non-native species be supported by
a risk assessment [50]. However, quarantine cannot offer a high likelihood of disease
detection. Whittington et al. even suggest limiting the number of ornamental species and
their country of origin [51].

In China, the self-sufficiency of some imported aquatic fry and fingerlings, such as
South American white shrimp, is low [52,53]. One of the incentives for operators to avoid
quarantine procedures is the mismatch between the quantity of imported aquatic fry and
fingerlings brought in and the efficiency of quarantine. Therefore, this paper starts with the
origin of the issue and offers suggestions beyond mainstream viewpoints to provide an
adjunctive role.

61



Fishes 2023, 8, 537

Fifth, aquaculture pharmaceuticals are an unavoidable means of production in the
aquaculture process. Although antibiotics are illegal, other uses are common in the aqua-
culture industry [54]. For example, antibiotics banned for use in livestock feed in the
United States are misused as growth promoters and prophylactics to avoid disease in
fish mangrove production in Vietnam [55-58]. Albert Tacon suggested that animal feed
contamination (including veterinary drug residues) could be passed along the food chain
to consumers through contaminated aquaculture products [59]. In response, the Code of
Practice for Fish and Fishery Products issued by WHO contains provisions such as that prod-
ucts should be registered with the appropriate national authority and that those should
only be prescribed or distributed by authorized personnel authorized [60]. However, in
China, the illegal use of aquaculture pharmaceuticals can also be seen in their illegal use
under the name of non-pharmaceuticals [61]. This results in massive mortality of aquatic
creatures [62,63], and even safety hazards [64].

2. Legal Risk Identification in Aquaculture
2.1. Status of Administrative Penalties in Aquaculture

Article 329 of the Civil Code of the People’s Republic of China provides that mineral
exploration rights, mining rights, water intake rights and the right to use water areas or
intertidal zones for aquaculture or fishery, which are obtained in accordance with the law,
shall be protected by law [65]. However, the civil right to practice aquaculture is also subject
to administrative law. If an aquaculture operator violates the relevant legal provisions, it
would be liable, even if the violation was not subjectively intentional, but rather due to
ignorance of the law. Considering that aquaculture operators may not possess complete
legal knowledge and professional capacity, coupled with minimal legal literacy campaigns
and policy changes, there is a possibility that aquaculture operators are aware of the legal
provisions only after they have been held legally liable. The current situation is analyzed
below based on the number of administrative penalties.

As of 8 September 2023, a total of 5017 decisions on administrative penalties were
displayed on the PKULaw platform by searching for settings in which the name of the
target of the penalty included “aquaculture”. According to the classification of penalty
results, there are 2145 cases of fines, confiscation of illegal gains, and confiscation of illegal
property, 1608 cases of temporarily detaining the license, lowering the qualification level,
and revoking the license; and 522 cases of restricting the development of production and
business operation activities, ordering suspension of production and business, ordering
closure, and restricting employment. According to categorization by topics, a total of
1781 cases are related to market supervision, 120 cases are related to agriculture, forestry,
animal husbandry and fisheries, and 27 cases are related to food products, medicines and
medical treatments.

2.2. Legal Risks in Aquaculture

Based on the above search content and combined with communication with practition-
ers, the following five legal risks can be summarized for aquaculture, including freshwater
aquaculture and marine aquaculture.

2.2.1. Legal Risk I: Property Rights Legal Risk

Contrary to fishing, which involves the capture of fish in a public, open location,
aquaculture involves the preservation of the production infrastructure and ownership
of the products produced. In order for markets to operate effectively and for economies
to run efficiently, clear property rights are considered to be essential [66]. The issue of
land used for aquaculture is highly influenced by legal policies (the risks associated with
land-use regulation are examined here, whereas the functional zoning of the oceans is more
stable; therefore, mariculture is not included in this section). In particular, the use of land,
including the use of cropland for any purpose other than agriculture, is one of the focuses
of government efforts to implement regulations [67]. However, policies are influenced by
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the reality of unstable environments and can change. Operators will bear the legal risk of
being ordered to demolish the aquaculture facilities for a limited time or being charged
with a crime if they fail to become aware of the relevant rules in a timely manner and fail to
comply with the use of land.

There are various legal risks regarding the use of land. The first is the legal risk of
non-compliance with land use in substance. Here is an illustration of the policy change
of using permanent basic farmland for facility agricultural land. Document No. 4 states
that land for aquaculture facilities is allowed to use permanent basic farmland, and the
notice is currently effective. On 17 December 2019, the Ministry of Natural Resources
and the Ministry of Agriculture and Rural Affairs issued the Notice on Issues Related to
the Management of Land for Facility Agriculture (Nature Resource Regulation [2019] No. 4).
However, Document No. 166 has made adjustments to the provisions of Document No.4,
stating that the new occupation of permanent basic agricultural land for the construction
of aquaculture facilities is absolutely forbidden. On 27 November 2021, the Ministry of
Natural Resources, the Ministry of Agriculture and Rural Affairs, and the State Forestry
and Grassland Administration issued a Notice on Issues Related to Strict Control of Arable
Land Use (Natural Resources Development [2021] No. 166). Meanwhile, Document No. 166
mentioned that the provisions of previous documents of the Ministry (Department), which
are inconsistent with this notice, are not effective. It is not appropriate to presume that
the operators are good law-seekers. It must be aware of the possibility that the operators
only find Document No. 4 instead of Document No. 166, and this causes the legal risk that
the land for farming facilities occupies permanent basic agricultural land and needs to be
demolished.

Second, a situation that is consistent with the use of land but against the scale of
the site is also considered to not meet the requirements of land management. And this
carries legal risks. The land for agricultural facilities used for the construction of farms
contains two parts: land for production facilities and land for auxiliary facilities. Document
No. 4 states that various types of land for agricultural facilities are determined by the
departments of natural resources and the departments of agriculture and rural areas in
each province (autonomous region and municipality), with reasonableness based on the
scale of production and construction standards.

Third, in addition to the substance, there are also risks of procedural illegality faced by
operators. For example, Document No. 166 states that new rural roads, livestock and poultry
breeding facilities, aquaculture facilities and planting facilities that destroy the cultivation
layer and other agricultural facilities are strictly controlled in using general arable land
for construction. If such facilities are required, they should be approved and comply with
the relevant standards. In other words, aquaculture facilities on general arable land must
follow relevant procedures for review and recording. Compared to the requirements for
recording in Document No. 4, the current procedures put forward higher requirements.
However, in practice, there is a legal risk of procedural illegalities by operators who are not
aware of the exact operating policies of approval.

2.2.2. Legal Risk II: Licensing Legal Risks

An aquatic breeding certificate is the statement of an administrative licensing decision
indicating that the certificate holder is allowed to practice aquaculture. Whereas the inter-
ests to which the certificate points are drawn from an analysis of laws and jurisprudence,
there are no explicit legal provisions in practice. As a result, non-legal professionals are
prone to misunderstand the certificate, which may lead to disputes.

Specifically, the law stipulates that the term “the right to practice aquaculture” refers
to the right obtained in accordance with the law to use waters and tidal flats for aquaculture.
(Article 3 of Measures for Licensing and Registration of Aquaculture in Waters and Tidal Flats)
This provision is supposed to ensure that obtaining the right to practice aquaculture requires
an application. Although the original text also refers to the use of waters and tidal flats, the
acquisition of the right to use sea areas or the usufruct on rural land is stated separately in

63



Fishes 2023, 8, 537

other laws. The term “conventional usufruct on rural land for agricultural operation” is a
legal term that approximates the right to use the land. Article 3 of the Law of the People’s
Republic of China on the Administration of Sea Areas states that the sea areas shall belong to
the state and that the State Council shall exercise ownership over the sea areas on behalf of
the state. No entity or individual may usurp on, buy, sell or by any other means transfer
sea areas. Article 6 stipulates that the state shall establish a system for registering the right
to use sea areas. The lawfully registered rights to use sea areas shall be protected by law.
Article 24 of the Law of the People’s Republic of China on the Contracting of Rural Land states
that the state implements the unified registration of arable land, forest land, and grassland,
among others, and a registration body shall issue a certificate of a conventional usufruct
on rural land for agricultural operations or a certificate of a forest right, among others, to
a grantee, and maintain a register thereof, to confirm the conventional usufructs on rural
land for agricultural operations. Thus, there is no practical meaning to the expression “use
waters and tidal flats” in this provision, which cannot be the legal basis for the right to use
sea areas. However, it is difficult for a non-legal professional to accurately access all the
relevant legal provisions and perform the above analysis. In addition to the geographical
space overlap, the public is prone to be confused and wrongly believes that applying for
an aquatic breeding certificate means jointly claiming the sea area or land involved [68].
In fact, both aquatic breeding certificates and the certificate of right to use sea areas or the
certificate of a conventional usufruct on rural land for agricultural operations are required,
especially the certificate of right to use sea areas. The law states that the right to use sea
areas comes upon application and the origin of the right is the granting of public authority.
Article 3 of Measures for Licensing and Registration of Aquaculture in Waters and Tidal Flats
states that where waters and tidal flats are used for aquaculture, the aquaculture rights of
waters and tidal flats shall be identified by licenses issued by the local people’s government
at or above the county level. Article 5 states that where state-owned waters and tidal flats
are to be used for aquaculture, an application shall be filed to the fishery administration
department of the local people’s government at or above the country. A conventional
usufruct on rural land for agricultural operation could originate from a contract, and the
public authority’s registration is merely an administrative confirmation without involving
a grant of the right. In contrast, the lack of a certificate of the right to use sea areas carries a
heavier legal responsibility.

2.2.3. Legal Risk III: Legal Risk No. 3: Wastewater Discharge Legal Risks

The abuse of inputs can lead to problems such as eutrophication in aquaculture water
and drug residues [69]. These are not only related to the quality and safety of aquatic
products but will also pollute the ecological environment in the form of illegal discharge of
wastewater. Article 7 of the Aquaculture Quality and Safety Management Regulations stipu-
lates that the inlet and outlet systems of a culture farm or pond should be separated. The
discharge of wastewater products from aquaculture should reach national discharge stan-
dards. In terms of discharge standards, the relevant standards currently in effect include the
Integrated Wastewater Discharge Standard [70], Freshwater Pond Culture Water Discharge
Requirements [71] and Mariculture Water Discharge Requirements [72]. Moreover, there
are different relevant standards based on the category of water in which such waste is
discharged. If wastewater is used for agricultural irrigation, it should comply with the
stricter standards for agricultural water use, which are the Water Quality Standards for
Agricultural Irrigation [73]. If it is to be discharged into the surface water system, the stan-
dard of “Environmental Quality Standard for Surface Water” needs to be implemented [74].
If the site is in the vicinity of drinking water sources, the primary A standard of “Discharge
Standards for Pollutants from Urban Sewage Plants” must be implemented [75]. In terms
of application, there should be no conflicts in the implementation of national integrated
discharge standards and natural industrial discharge standards. If a national industry
standard for water pollutant discharge exists, the standard should be followed. At the
same time, a distinction should be made between mandatory national standards and rec-
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ommended national standards. Operators may discharge wastewater that does not satisfy
particular criteria due to erroneous understanding of the rules when confronted with a
sophisticated and complex set of standards. Article 85 of the Water Pollution Prevention and
Control Law of the People’s Republic of China provides that the local people’s government
administrative protection department at or above the county level shall order violators
to stop breaking the law and adopt treatment measures within a prescribed time limit to
eliminate pollution and impose a fine on it. If it fails to take treatment measures within the
prescribed time limit, the administrative environmental protection unit may designate an
entity capable of such treatment to do so with the required expenses borne by the violator.
In summary, the stage of discharge of wastewater produced by aquaculture presents the
legal risk of operators being fined for the misapplication of relevant standards.

2.2.4. Legal Risk IV: Aquatic Fry and Fingerlings Legal Risk

Aquatic fry is located at the core of the aquaculture industry chain. China is able to
carry out the breeding of some of the fry independently, but current operations are mainly
stuck in the promotion and demonstrate stages. Moreover, some species of fry still rely on
imports. Article 17(1) of the Fisheries Law provides that quarantine must be executed for the
import and export of aquatic fingerlings in order to prevent disease from passing into or out
of the territory. Specific quarantine work shall be carried out in accordance with regulatory
provisions on the quarantine of imported and exported animals and plants. Aquaculture
operators must go through the process of applying for the use of the development of
isolation quarantine sites and applying for a quarantine permit for imported animals
and plants. In practice, however, there are countries that prohibit the export of certain
aquatic fry, such as eel fry. The information is derived from interviews with people from
the industry. Some aquaculture operators have turned to smuggling eel fry because they
cannot obtain specific aquatic fry legally. This not only breaks the regulatory order of entry
and exit but also has legal risks, as the imported fry is not quarantined and may be prone
to genetic and viral risks.

2.2.5. Legal Risk V: Pharmaceutical Legal Risks

Due to the restricted policy on land use and other reasons, areas used for aquaculture
are decreasing [76]. Operators have responded by adopting high-density aquaculture meth-
ods. However, aquatic animals are prone to sensitivity to high-density aquaculture [77].
Moreover, higher feed intake tends to worsen water quality and increase fish diseases.
Controlling fish diseases is more difficult than livestock disease control since aquatic ani-
mals live underwater and changes in their behavior in response to disease are difficult to
detect before the diseases have advanced beyond the stage at which they are most easily
treated. It is also difficult for drugs to reach the disease site directly due to the complex
water environment of aquaculture, the large number of aquatic animals and the difficulty
in capturing them [78]. In order to avoid serious losses caused by diseases, some operators
are indeed using drugs abusively and blindly abusing antibiotics and other drugs, leading
to excessive drug residues in aquatic products and raising concerns among domestic and
international consumers [79-82]. In order to strengthen the quality and safety supervision
of aquatic products, in early 2021, the Ministry of Agriculture and Rural Affairs issued
a Notice on Strengthening the Regulation of Inputs Used in Aquaculture, which clearly imple-
mented a pilot white-list system for the usage of inputs for aquaculture. It also carried
out three-year special rectification of irregularities related to veterinary drugs, forage and
forage additives for aquaculture. However, a category of inputs used in large quantities to
regulate water quality and aquaculture substrates cannot be added to the white list due to a
lack of standards. These products cannot be banned because of need, in spite of long-term
issues such as vague definitions of their efficacy [83]. Consequently, some producers take
advantage of this regulatory vacuum to sell substances containing components of drugs
that meet national standards under the guise of water adjustment products [84]. Some
even add banned or restricted drugs illegally [85]. Producers purposefully omit the terms
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“prevention, treatment, diagnosis of diseases in aquaculture animals” and “purposeful ad-
justment of physiological functions of aquaculture animals” from their product instructions
and give inaccurate product information in order to avoid supervision [86]. While there
is a lack of guidance for operators, the improper use of such products can easily lead to
excessive drug residues in aquatic products, pollution of the ecological environment and
other problems. And this leads to the legal risk of the operator being fined or even held
criminally liable.

3. Causes of Legal Risk in Aquaculture
3.1. Objective Reasons

In general, the above risks can be objectively attributed to the problem of industrial
structure. China’s aquaculture methods are still relatively mature and are mainly decen-
tralized, small scale and lack systematic planning and not forming large-scale [87]. The
disadvantages of decentralized aquaculture include low economic efficiency, as well as a
lack of resilience to risk. In a competitive situation, it is easy to induce moral hazard in the
production management of the operators, that is, to act detrimentally in terms of property
rights, licenses, discharges, aquatic fry and fingerlings and pharmaceuticals, which appears
as a violation of the law in the result.

The series of actions taken by the government also reflects that the industrial structure
is the cause of the problems. The large number of violations in the aquaculture field has not
only triggered heated debates in the community but has also attracted the attention of the
government. For example, in November 2015, the central government made it clear in the
Owerall Proposal for the Reform of the Ecological Civilization System that the protection and envi-
ronmental restoration of areas producing aquatic products will be strengthened, their aqua
culture will be controlled, and mechanisms will be established for the protection of aquatic
plants and animal life. After research, in January 2019, the Ministry of Agriculture and
Rural Development and others issued Several Opinions on Accelerating the Green Development
of Aquaculture. The document is a programmatic document to guide the green development
of aquaculture in China in the current and future period [88]. The document pointed out
that in recent years, China’s aquaculture industry has been characterized by both irrational
layout and industrial structure, and excessive aquaculture density in some regions and
suggested strengthening the scientific layout and transforming aquaculture modes [89].
Data from the Food Safety Incident Big Data Monitoring Platform show that during the
10-year period from 2009-2018, the number of quality and safety problems of aquatic
products and their products showed a trend of increasing and then decreasing, with a rapid
increase from 1643 to 3943 in 2013 and then a rapid decrease to 636 in 2018 [90]. In 2018,
the qualification rate of routine monitoring of aquatic products increased from 94.4 percent
in 2013 to 97.1 percent, an increase of 2.7 percentage points in five years. Although the
qualification rate of routine monitoring of aquatic products has been lower than the overall
qualification rate of routine monitoring of agricultural products during 2013-2018, the gap
between the two has been gradually narrowing, from 3.1 percentage points in 2013 to 0.4
percentage points in 2018 [91].

3.2. Subjective Reasons

The subjective awareness of aquaculture operators to understand and comply with the
law is not high, and their scientific literacy and food safety awareness also need to be im-
proved. Some scholars, after on-site investigations, have found that aquaculture operators
are deficient in terms of professionalism. For example, among the 982 aquaculture operators
in the port town of Zhongshan City, none graduated from aquaculture-related majors, and
most of the operators were aged 50 to 60, with many of them having only primary or junior
high school education [92]. Many scholars have also suggested that aquaculture operators
have a reserve of specialized knowledge that needs to be improved [93], a poor ability to
innovate [94], and a weak concept of the law [95]. These factors make it easy for operators
to create incentives to violate the law.
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4. Related Beneficial Experiences

As Korea has experienced a shift from extensive to environmentally friendly aqua-
culture, its experience offers valuable lessons [96]. Norway’s aquaculture was its second
largest export industry [97], and the government put in place a series of safeguards to
ensure the sustainable development of the industry [98]. Its experience is worth learning
from. As one of the more economically developed countries in Latin America, the progress
of Chile’s aquaculture industry is a successful case of the industrial upgrading of the
fishery economy in developing countries [99]. Therefore, the relevant experiences of Korea,
Norway and Chile are described below.

4.1. Korea

In August 2019, Korea’s Ministry of Maritime Affairs and Fisheries consolidated the
relevant issues stipulated in the Fisheries Act and the Inland Waterways Fisheries Act to
form the Aquaculture Industry Development Act and its enforcement measures. The aim
is to contribute to the sound development of the aquaculture industry and the national
economy by enhancing aquacultural productivity. This reflects Korea's attitude toward
strengthening the competitiveness of aquaculture. In addition, Korea has one of the world’s
fastest-growing aquaculture industries [100]. The problems it has encountered, and its
solutions could inspire China.

Korea considers China’s non-pharmaceuticals as pharmaceuticals, since they are
substances that are directly applied to moving water and are absorbed into the bodies
of animals to be effective. Schedule 1 of Related provisions on the scope and designation of
aquatic and veterinary non-pharmaceuticals, which is named Scope of Non-Pharmaceuticals for
Aquatic and Veterinary (Article 2, paragraph 1 related) listed, antibiotics, inhibitors, repellents
and pesticides for aquatic animal pests. None may keep or use toxic chemicals prescribed
in subparagraph 7 of Article 2 of the Chemical Substances Control Act for the purpose of
cultivating fishery resources or removing foreign substances attached to fishing implements
or fishing nets. The term “hazardous chemical substances” includes substances requiring
permits, restricted substances or prohibited substances, substances requiring preparation
for accidents, or other chemical substances that present or are likely to present a hazard or
risk. The Aquaculture Foster Act was enacted in January 2002 by the Ministry of Agriculture,
Food and Rural Affairs of the Republic of Korea to establish a disease treatment system
for aquatic creatures, which stipulates financial supports, aquatic creature treatment, and
SO On.

In addition to support measures, the management of pharmaceuticals for aquatic
use in Korea is characterized by diversification. The management system for aquatic
pharmaceuticals in Korea is shown below (Figure 1).

The regulations for aquatic pharmaceuticals in Korea are scattered in several laws
and are shown below (Table 1). Above all, with technical and financial support and the
regulation of the pharmaceutical management system, the abuse of pharmaceuticals in
Korean aquaculture is not common.

Regarding the discharge of aquaculture, Article 6 of the Fishing Grounds Management
Act provides for the inspection of the fishing ground environment in Korea. The Minister
of Oceans and Fisheries establishes and operates a network for regularly inspecting fishing
ground environments. Whenever necessary, the Minister of Oceans and Fisheries assesses
the need to urgently inspect the environment of fishing grounds in the event of serious
environmental pollution. Regarding the specific contents, the Ministry of Environment
in Korea issued Guidelines for Setting and Managing Water Quality Standards for Discharge
Water from Aquaculture Facilities and set enforcement rules for the same act. The Guide
is divided into three categories: general fish farms, eel farms, and tank-type land-based
aquaculture facilities, with different water quality standards to design their programs.
General fish farms with flowing water allow continuous water flow through the breeding
pond, characterize by quite high water consumption, low pollutant concentrations, and a
rapid rise in pollutant concentrations in discharge water due to loss of feed and sediment
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disturbance caused by fish activity during feeding. Therefore, the usual standard (average
value), standard at feeding (maximum value), and standard at cleaning (maximum value)
are used to set management standards for flowing water farms. The amount of water in
and out of eel farms changes according to the seasons, and there is almost no wastewater
discharge on weekdays, just intermittent discharges during the time of screening and
releasing eels. Therefore, the discharge concentration is set as the instantaneous concentra-
tion to determine the optimal discharge concentration. The concentration of pollutants in
the water discharged from a tank-type, land-based aquaculture facility sharply increases
during feeding, and it discharges 20% to 30% of the sediment in the tank at once after
supply. Therefore, the standards are set and managed using the normal standard (average
value) and the standard at feeding (maximum value).

Aquatic Drug Management System

Food and Drug Department

Setting of food processing standard analysis method

Ministry of Agriculture, Forestry and Fisheries
- Animal science inspectors: Permit for Approval and Safe Use Standard
Setting, etc. Pharmaceutical Supervision;

- Blackwater institute: Safety Use Map, Enlightenment and Aquatic
Analysis, Preventlon and Treatment Drug;

+ Development Aquatic Product Quality inspector.

Manufacturer (Company) Ministry of Environment
Korean Association of animal Drugs Hazardous Chemicals
Management (Legal)

Green Alliance and other NGOs, Media

Figure 1. Drug management system for aquatic use in Korea.

Table 1. Legal system for aquatic drug management in Korea.

Law

Content

Article 85(3) of the Pharmaceutical Affairs Law

A person who intends to use animal drugs shall observe
the standards.

Article 3 of the Standard for the Safe Use of Veterinary Drugs

The matters to be observed by the user, including the target animals
prescribed in the declaration license or the objects and usage
and dosage.

Article 40(1) of the Aquatic Organism Disease Control Act

No aquaculture business entity and its worker shall use animal drugs
which have not been approved or reported under Article 31(2) of
Pharmaceutical Affairs Act and Article 85(1) of the same Act or
hazardous chemical substances under subparagraph 7 of Article 2 of
Chemical Substances Control Act: Provided, That the same shall not
apply where he or she has obtained approval for use under other
Acts, such as approval for use under the proviso of Article 25(2) of the
Fishery Resources Management Act.
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Table 1. Cont.

Law

Content

Article 98(10) of the Pharmaceutical Affairs Act

Any of the following persons shall be subject to an administrative fine
of not more than one million won: a person who fails to observe the
standards for use of drugs, etc. for animals, in violation of
Article 85(3).

Article 53(9) of the Aquatic Animal Disease Management Act

Those who use veterinary drugs or dangerous chemicals in violation
of Article 40(1) shall be punished by imprisonment of up to three
years or a fine of up to 30 million won, and their crimes shall be
prosecuted by the judicial police.

4.2. Norway

One of the direct impacts of land-use regulations on the aquaculture sector is the
reduction in the area for aquaculture. The development of freshwater aquaculture in China
is already constrained, and near-shore mariculture is overloaded [101]. Thus, the only way
to maintain the sustainable development of the aquaculture industry is to explore the deep
sea. Reference can be made here to the Norwegian deep-sea netting aquaculture practices,
which can be used to increase fish farming capacity and contribute to the restoration of
near-shore agricultural lands or wetlands that were previously used for mariculture [102].

Like many countries, Norway has a licensing system, and fishing is a highly regulated
industry with stringent licensing requirements. Both the specific and general rights and
obligations associated with the license can be regarded as part of that license. Article 5(1) of
the Norwegian Aquaculture Act, an aquaculture license, permits the production of specific
species in limited geographic areas (sites) subject to any prescribed restrictions on the license
scope that may apply at any given time. Norway also has specific aquaculture licenses for
certain species—in particular, for salmon, trout and rainbow trout—as stipulated in Article
7 of the same Aquaculture Act.

Most Norwegian sea-farms are cage systems located in the deep, sheltered fjords [103].
For example, in April 2017, CIMC Raffles, an ocean technology group, signed an agreement
with Norway’s Ocean Aquafarms AS, and the construction of five Hex Box tanks would
enable Norwegian salmon aquaculture to escape the geographical limitations of the fjord.
The Hex Box platform is the most recent development in deep-sea fish aquaculture com-
plexes, with a platform diameter of 90 m, a total height of 35.5 m, an empty vessel weight
of 5400 t, and a farming capacity of 2 million fish. This method of aquaculture can clearly
increase farming capacity. As deep-sea netting has the advantages of being free from land
and near-shore restrictions and improving aquaculture efficiency, aquaculture operators
could consider switching to deep-sea netting for their aquaculture practices [104-106].

Norway has also designated mariculture genetic breeding as a top priority research
area. The Norwegian government launched a selection program for Atlantic salmon and
rainbow trout in the early 1970s and invested in a genetic research center [107]. With gov-
ernment support and the involvement of private breeding companies, Norway’s social and
commercial breeding industry system is becoming increasingly mature, with good salmon
and trout breeding stock for aquaculture, which decisively supports those industries in
Norway and worldwide [108]. According to a 2012 study, farmed Atlantic salmon showed
a 115% increase in growth rate and a 23% decrease in bait coefficient (feed conversion rate)
compared with farmed stocks in the 1970s [109]. This reflects the government’s active role
in the industry.

4.3. Chile

Chile attaches great importance to the development of the marine economy, and its
aquaculture production reached a record high of 1.48 million tons in 2020. Globally, Chile is
the second largest producer of salmon and mussel products, although salmon is not a native
fish in the Southern Hemisphere [110]. Chile’s success in aquaculture stems from its strong
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support for the introduction of aquatic fry and fingerlings and the protection of property
rights, among other aspects. In the late 1960s, commercial fresh fish farming in Chile began
with experimental activities in the lakes, rivers and fjords of southern Chile through a
national and international cooperative effort [111]. At the beginning of the development of
the Atlantic salmon aquaculture industry, the Chilean government took the initiative to
fund the introduction of foreign fry and encouraged operators to experiment while also
promoting imports of net tanks through financial assistance. In its Penal Code, Chile declared
that all waters are national assets and available for public use. If aquaculture involves the
installation of aquaculture centers in marine, lake or river waters, exclusive use rights are
required. Aquaculture concessions also apply to public beaches within 80 m of the highest
tide line on the coast [112]. The license holder has the right to use the water surface and the
space under it. The aquaculture operator can fully exercise its right to possession of farmed
salmon throughout the entire farming process, from hatching to the final catch [113]. After
the development of the industry, the government privatized the relevant public enterprises,
allowing them to play their full role in the market economy, while the government focused
on emergency responses to large-scale epidemics, anti-dumping, and other issues [114].
After the government withdrew its control of the aquaculture industry, the industrial
structure shifted toward private capital, with a high degree of commercial organization.
Risk management is an explicit goal of aquaculture companies and the salmon aquaculture
association called Salmon Chile [115]. In addition to ecological and economic risks, the
companies not only implement technological improvements and safety measures but also
mobilize their social technologies—that is, adaptive political strategies to shape social and
cultural life according to the company’s objectives [116].

5. Preventing and Controlling Legal Risks in Aquaculture
5.1. Promote an Improved Rule of Law
5.1.1. Raise Legal Awareness among Operators

Agricultural land involves the country’s food security, and the regulation of such
land is a legal system in which public power intervenes to ensure the efficient allocation
of land resources. Article 4 of the Land Administration Law of the People’s Republic of
China provides that the State is to place strict control on the usages of land. Given this
strict regulation, operators must clarify the properties and usage of the land in question.
They need to be aware of land classifications and naming to avoid violating land use
regulations, according to which agricultural land includes paddy fields, reservoir water
surfaces, pond water surfaces, and ditches, among others [117]. It is worth noting that,
influenced by land-centrism, watersheds fall into the category of land [118]. Classification
of agricultural land also includes land for facilities and ancillary facilities for the production
of aquaculture, such as manure disposal, inspection and quarantine, although excluding
land for processing sites. Aquaculture operators must also pay attention when transferring
land, as some provinces are carrying out the work of “retiring ponds for cereal”. If the price
of land for transfer is low, operators have to pay attention to land use regulations to avoid
losses caused by illegal acts.

Operators must retrieve the relevant legal provisions and apply them with references
based on an awareness of land classifications and naming practices. There are several key
regulations relevant to aquaculture in the laws on land use regulation, depending on the
nature of the land in question. First, for permanent basic agricultural land, aquaculture
operators may not dig ponds for aquaculture, build aquaculture facilities or otherwise
destroy the cultivation layer. Article 37(3) of the Land Administration Law provides
that it is forbidden to occupy permanent basic farmland to develop horticulture or dig
ponds to breed fish. Document No. 166 stipulates that it is strictly forbidden to newly
occupy permanent basic agricultural land to build livestock and poultry breeding facilities,
aquaculture facilities and planting facilities that destroy the cultivation layer. Second, if
general arable land—which encompasses the arable land outside the permanent basic
agricultural land—belongs to the overall plan for balancing occupation and supplement,
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operators must be approved and accepted by the village collective, as well as changing
the contract for land management rights and the certificate of ownership in a timely
manner [119]. If the land does not belong to the plan, the aquaculture operators must
obtain approval to build aquaculture facilities that meet the relevant standards. Third,
for integrated three-dimensional farming—this would include, for example, rice and a
fishery, rice and shrimp, or rice and crab integrated farming—the aquaculture operators
cannot destroy permanent basic farmland if that is the land subject to use. Where general
cropland is used, more than 10% of land cannot be used for ditch pits. It is stated in the
Technical Specification for Integrated Rice-Fishery Farming: 4. Technical indicators, the
proportion of ditch-pits: the proportion of ditch-pits shall not exceed 10% (referring to
general arable land).

Operators also need to fulfill the necessary procedures in advance instead of starting
work without authorization; otherwise, they may be liable for breaching the relevant plans.
In general, the rules differ slightly from place to place, but they can be broadly divided into
three aspects.

First, the location and scope of the land sought for the construction of agricultural
facilities by the operators should be in line with spatial, agricultural development and rural
planning modalities, as well as the provisions for the scale of land for the construction of
agricultural facilities issued by the local natural resources departments. Use of inefficient,
idle or unused land is recommended, such as barren hills, land and beaches, to prevent the
occupation of arable land.

Second, operators should sign land-use agreements with collective economic orga-
nizations to clarify the conditions for land use. In some places, construction plans and
land-use agreements must be announced on township governments and village public
affairs boards, and agreements can only be signed after the announcement period has
expired without objection.

Third, the operators or rural collective economic organizations should file the land-
use agreements in a timely manner with the township government after signing. After
completing the filing, the township government must remit the filing information to the
county-level natural resources departments and the agricultural and rural departments
in charge [120]. In addition to the value of the procedure itself, the operator can also
learn about the conditions related to the use of the land, such as its length, usage, time
limits for land reclamation requirements, the surrender of the land and the liability for
breach of contract. This may help operators avoid the risk of substantial violations of
land-related laws.

5.1.2. Follow the Principle of Proportionality and the Principle of Reliance Interests

Administrative subjects should follow the principle of proportionality in the enforce-
ment of law and consider the circumstances of the violations related to land use to make
the appropriate administrative decision based on those facts. For example, in the case
of a project involving agricultural facilities for which no relevant formalities have been
completed, the person concerned should be ordered to complete the formalities within
a certain period and not be subject to heavier penalties. In practice, however, an admin-
istrative subject may order the cancelation of the deadline due to procedural violations
that violate the principle of proportionality [121]. Administrative subjects should also
follow the principle of proportionality in operating public affairs. For example, aquaculture
plants in some rivers or lakes were all outlawed by the relevant authorities because of
the requirements to construct an ecological civilization and protect the environment. A
case in point is the right to use Taihu Lake for aquaculture, which was withdrawn by
Jiangsu Province in April 2018 [122]. The penalties clearly did not match the severity of the
circumstances and instead increased the legal liability of the aquaculture operators.

The suggestion to enhance legal awareness among operators is a call for operators
to comply with the law consciously, but it is not meant to eliminate the obligation of the
administrative organs to promote the law and the relevant approval and filing procedures.
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The administrative subject is the organization that has administrative functions and powers,
as well as the independent responsibility for doing so; it should abide by the spirit of the
law when enforcing that law. For example, an aquaculture operator is generally required
to complete several steps to build an aquatic breeding farm. This process includes an
application to the township government where the construction is taking place, a site survey
of the fish farm by the relevant departments (e.g., the Department of Land, Agriculture,
and Environmental Protection) in the district or county, approval by the district or county
government, and a review of the site design by the relevant departments organized by
the land department. The operators trust the administrative subject as their authority.
After fulfilling the necessary procedures, the operators act based on policy guidelines
or administrative guidance due to this trust. The legitimate interests arising from such
behavior should be protected.

5.1.3. Clear Guidance from Legislators

In addition to compliance and enforcement efforts, improvements should also be made
at the legislative level. Regulatory documents are universally and repeatedly applied within
a certain period [123], and their reform could improve administrative efficiency, as well as
support enforcing and improving laws, regulations and higher-level policies. It is important
to maintain consistency between laws and policies to maintain the unity of the national
legal system and the smooth flow of government orders. Regulatory documents that cannot
be applied should be cleaned up or organized in a timely manner. Consider the case of
Document No. 4, which was mentioned earlier in this paper. It is a regulatory document
based on a more liberal land policy that was current at the time of its promulgation. The
later Document No. 166 indicated a change in policy as a result of a change in circumstances.
It obviously does not align with the spirit of Document No. 4, yet both documents are
currently in effect and there has been no sound transition. Document No. 166 states, of
course, that the provisions of previous documents that are inconsistent with the current
document are no longer in force, but the contradiction remains. Lawmakers (including
policymakers) should therefore clean up the content of regulatory documents that cannot
be applied because there is no guarantee that operators have a high level of legal literacy
necessary to face such complicated changing land regulations. The authorities should
consolidate effective regulatory content and provide clear guidance to all other parties in
the administrative legal relationship.

5.1.4. Upgrade of Government-Supported Aquaculture

Land use controls are based on considerations of food security. The related policy
advocacy is thus dictated by the reality of the situation. Food harvests are difficult to predict
due to a combination of market, climate and other factors, so it is difficult to maintain a
stable land policy, and it is therefore difficult to maintain the area for aquaculture within
a stable range on a certain amount of land. High-density aquaculture does not increase
capacity but is counterproductive. To escape this dilemma, authorities should encourage
aquaculture operators to make full use of the sea area and adopt new modes of aquaculture,
such as deep-water nets, marine pastures, and aquaculture work boats, which are indeed
encouraged by the 2023 Central Document No. 1.

This promotion of new aquaculture modes will naturally be constrained by a variety
of factors, including production philosophy, technology level, and production costs. There
are currently many small enterprises and aquaculture operators in China’s mariculture
industry that can hardly afford the costs and risks inherent in such transformation and
upgrading. It would thus be useful to refer to Chile’s experience in providing financial
subsidies. The government should consider introducing similar preferential policies to
support aquaculture operators in upgrading their methods based on the comprehensive
local situation.
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5.2. Clarify the Positioning of Aquatic Breeding Certificates

Some aquaculture operators do not understand the relationship between an aquacul-
ture license and other certificates, such as the sea area use right certificate. They may believe
that there is an inclusive or overlapping relationship between such documents. They may,
therefore, fail to complete the necessary documentation and are thus penalized. The root
of the above legal risks lies in the unclear positioning of the breeding certificate. This
is essentially a problem of overlap between administrative licensing and administrative
confirmation, which may seem to strengthen its legal effect, but its scope is limited to
aquaculture and may not be broadly construed as the right to use the land or sea. The
relevant regulations state that the aquaculture certificate confirms the right to engage in
aquaculture in waters and tidal flats. However, the aquaculture certificate is subject to an
application and issuance process, and it is also within the scope of authorization by the
public power to engage in aquaculture production. Article 11 of the Fisheries Law provides
that where a unit or an individual uses a water area or beach with ownership by the whole
people, which is determined by the State programming to be used for aquatic breeding
industry, the user shall apply to the department in charge of fishery administration of the
local people’s government at the county level or above for the aquatic breeding certificate,
which shall be checked and issued by the people’s government at the same level.

Up to this point, it is possible to distinguish the difference between the aquaculture
license and other tenure certificates based on content. This can perhaps best be explained
in the judicial case. The Fisheries Law sets up an administrative license for aquaculture, so
the right to engage in aquaculture is divorced from the right to use water and mudflats.
It is thus a special right that can only be obtained through an administrative license. The
legal aquaculture license and the certificate indicating legal land (or sea) use rights involve
different rights and thus do not conflict. The same aquaculture water surface can be issued
both a land (sea) use right certificate and an aquaculture license. However, the doctrinal
clarification is opaque to the public and requires legislative recognition. Policymakers
should thus further clarify the positioning of the aquaculture license in the Fisheries Law.

5.3. Improve and Popularize Wastewater Discharge Standards

The discharge standards for aquaculture wastewater are complicated and obsolete,
while failing to fit local conditions. If the local authorities set standards for the discharge of
aquaculture wastewater, it would help provide clear and scientific guidelines for operators
and prevent the above-mentioned legal risks. The development of such local standards
is currently underway. The Implementation Plan for Agricultural Non-point Source Pollution
Control and Supervision Guidance (Trial), jointly issued by the Ministry of Ecology and En-
vironment and the Ministry of Agriculture and Rural Development, proposes to guide
localities in setting standards and regulations for the discharge of waste water from aqua-
culture. Opinions of Strengthening the Supervision of Ecological Conditions of Marine Culture,
also jointly issued by the same, require coastal provinces (autonomous regions and munici-
palities) to set relevant standards for the discharge of waste water from aquaculture by the
end of 2023 in accordance with the relevant requirements of the Technical Guidelines for the
Formulation of Local Standards on Controlling the Discharge of Waste Water from Aquaculture.
Technical Guidelines for the Formulation of Local Standards on Controlling the Discharge of Waste
Water from Aquaculture (HJ 1217-2023, hereinafter referred to as Technical Guidelines), is-
sued by the Ministry of Ecology and Environment in February 2023, is used to guide and
regulate the formulation of relevant local pollutant discharge standards in a more scientific,
precise and standardized manner.

To guarantee that local standards are scientific, formulators should increase basic
research to provide effective direction for practical implementation. In this formulation,
they should clarify the standards for calculating emissions. The condition of aquaculture
wastewater discharged from ponds under different species varies, so the water quality
index measured by water samples collected at a time point within the whole discharge cycle
does not accurately reflect water quality as a whole. Regulators should set the time point
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for collecting wastewater at a suitable point in the discharge cycle close to the average mass
concentration of water quality indicators in the total discharge [124]. The Korean experience
mentioned above can be combined to set up different plans to supervise the quality of
wastewater based on the different aquaculture methods for the various fish species. This is
in line with 6.2.4 of the National Technical Guidelines for the Formulation of Standards for the
Discharge of Water Pollutants (H] 945.2), which is cited in the Technical Guidelines. It contains
that emission monitoring data should be collected, mainly including online monitoring,
law enforcement monitoring, emission unit self-monitoring, environmental protection
acceptance monitoring data at the completion of construction projects, which includes
instantaneous, hourly and daily average emission concentrations of pollutants, discharge
volume, as well as the capacity designed by the enterprise, actual capacity, production load,
and so on. It also contains an analysis of the level of pollutant emissions, the proportion of
compliance, and the emission characteristics of various production processes.

Before the launch of the local rules, operators should also raise awareness and un-
derstand the conditions for applying the standards, such as being able to distinguish
between mandatory (GB) and voluntary national standards (GB/T). Article 2 of the Stan-
dardization Law of the People’s Republic of China stipulates that compulsory standards must
be implemented while the state merely encourages the adoption of voluntary standards.
The Integrated Wastewater Discharge Standard (GB 8978-1996) is a mandatory national
standard to control water pollution and protect the quality of surface water, such as rivers,
lakes, canals, channels, reservoirs and oceans, as well as groundwater. The “Freshwater
Pond Culture Water Discharge Requirements” (SC/T 9101-2007) and “Marine Culture
Water Discharge Requirements” (SC/T 9103-2007), meanwhile, are voluntary standards,
and their application is encouraged but not mandatory [125].

5.4. Increase the Self-Sufficiency Rate of Aquatic Fry and Fingerlings

Individual aquaculture is currently common in China. Without formulating a scalable
situation, it is difficult to supervise the quarantine of aquatic fry comprehensively and
rigorously. Instead of monitoring after the event, it is better to solve the problem at the
root in advance. The lack of quality fry at present restricts the sound development of
mariculture in China. By only emphasizing the legal introduction of fry through regulation
without taking into account the various operator costs, positive enforcement results remain
elusive. China should therefore consider the experience of diversification of industrial
inputs in Norway. The government, joint research institutes, large aquaculture enterprises
and other related parties should thus form a consortium to collectively solve the problem of
aquaculture fry breeding. The government should take the lead in organizing and defining
research and development needs, incentive mechanisms, supervision and management.
The institutes could provide scientific and talent support, while the enterprises could
provide financial support and promote the transformation of scientific and technological
achievements through the power of the market.

5.5. Make Use of the Synergy of Soft Law and Hard Law

The lack of product standards is the main reason why water adjustment products
are in a gray area and cause many legal risks, which makes such products difficult to
supervise. The National Fisheries Technology Extension Center and the China Society of
Fisheries issued a notice in response to this problem. According to this notice, they will
focus on water adjustment products in need of regulation and develop a group standard
for the China Society of Fisheries. The work will be based on surveys, and experts will
determine the recommended group standard catalog of water adjustment products for
aquaculture through research. A multi-sector group will then draft the standard and seek
the views of the relevant parties. They will then submit the draft to the China Society of
Fisheries for review and approval. During the development of the group standard, the
relevant departments must adjust the white list scientifically. Indeed, one scholar noted
that the formulation and dosage of some national standard fishery pharmaceuticals have
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not changed for a long time. Considering the resistance of disease-causing organisms, the
pharmaceuticals currently in use may not effectively inhibit or destroy disease-causing
organisms in the future [126]. To ensure the operability of the white list system, the
departments concerned should take into account the reasonable needs of the operators to
detect bacterial resistance, in addition to strengthening the supervision of water regulation
products. They can then adjust the white list to achieve scientific use. At the legal level,
the standard must make a distinction between non-pharmaceuticals and water adjustment
products that use the name of non-pharmaceuticals but are essentially pharmaceuticals;
for example, it is possible to absorb the provisions of Korea and determine that substances
absorbed into the animal and effective are not non-pharmaceuticals.

Operators should also avoid buying inputs that lack critical product information,
such as manufacturers, production licenses, product labels and product quality inspec-
tion certificates. They must follow Article 5 of the Provisions on the Quality Safety Man-
agement of Aquaculture, which provides that aquaculture water should comply with the
Ministry of Agriculture regulations for “Pollution-free Food Seawater Aquaculture Water
Quality” (NY5052-2001), “Pollution-free Food Freshwater Aquaculture Water Quality”
(NY5051-2001), and other standards. The state prohibits the use of water sources that do
not meet the water quality standards for aquaculture.

6. Discussion

Although the above issues are focused on China, much of the information is relevant
to other countries as well. Property rights, licensing of access, food safety, environmental
pollution and fry quarantine are all unavoidable issues in the aquaculture industry. Such
common problems are not only concerns in China but are also worthy of attention in other
countries. In addition to the interests of the operators, aquaculture is also related to human
health, the environment and other social issues that are closely related to public life. In
the 1990s, the public began to become aware of the potential problems of aquaculture, and
acceptance of aquaculture practices and its products declined [127]. In the present era of
advanced information and globalized trade, the situation of the aquaculture industry in a
single country will positively and negatively influence multiple countries that do frequent
trade transactions with it.

The following insights can be drawn from this study. First, from the perspective of
aquaculture operators, pursuing only short-term economic benefits is not desirable in the
context of increasing public attention to social issues. They should therefore pay attention
to long-term benefits and comply with legal requirements on issues such as inputs and fry
to avoid legal risks. They must make even greater efforts, above the legal minimum, to
assume social responsibility by developing environmentally friendly aquaculture and joint
efforts with the government to promote the regional economy.

Second, from the perspective of the government, urging aquatic operators to comply
by strengthening enforcement and inspection is not the only possible solution. In addition
to post-event monitoring, it is important to solve the problem at the root by, for example,
developing production standards for inputs based on pharmaceutical resistance testing and
introducing and breeding aquatic fry adapted to the local environment. The government
should also pay attention to the role of private subjects, such as joint self-regulatory
associations, and use favorable policies (among other tactics) to guide the participation of
multiple parties in social governance.

Third, from the perspective of the legislator, the legal protection system for aquaculture
should be improved. This could include removing and integrating the legal codification
of relevant policies or clarifying the positioning of aquaculture licenses at the legal level.
Moreover, regarding the preventive measures for related risks, China can learn from the
experiences of other countries, and likewise, other countries can also implement coun-
termeasures used by China or draw inspiration from Chinese practices or transformed
experiences. In other words, this research on the legal risks of and preventive measures in
aquaculture in China is also beneficial to other countries.
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Understanding the legal risks and prevention of aquaculture in China is valuable not
only in the proactive approach described above, in which other countries can learn from or
draw inspiration from China, but also in a reactive sense, in which the trade dealings of
other countries with China can be affected. Although China is a major aquaculture producer,
it is also an important consumer. One scholar has pointed out that China’s huge imports
are related to Chile’s “blue transition”, defined as the shift from a reduction in fish biomass
caused by aquaculture to the exploitation of aquatic resources for recovery [128]. As the
transformation and promise of Chilean aquaculture depend greatly on China, the question
of how China will develop its aquaculture industry and whether this development will
relieve pressure on wild fisheries is a key question for the blue transition and the future of
the ocean [129]. There is also a space for the theory discussed here to be applied to countries
with similar trade relations. China’s perceptions and standards for aquaculture will not
only influence its domestic industry but will also influence other countries through the
power of the market based on the public’s evaluation of aquaculture in each country. Thus,
the development of aquaculture in China is relevant to the blue transition of all countries.

7. Conclusions

Land use violations, lack of legal documents, sub-standard wastewater, unquarantined
aquatic fry and fingerlings, and misuse of prohibited aquatic pharmaceuticals are five of
the common current legal risks. Their occurrence is linked not only to the economic loss
incurred by aquaculture operators but is also closely related to food safety, the environment,
and even the economic development of China and other countries, which will counteract
aquaculture operators through market forces. Operators, as stakeholders and participants
in risk management, must take this into account. A complete legal framework, improved
legal awareness among aquaculture operators, reasonable enforcement in accordance
with the law, and resistance to and supervision of unlawful elements in the aquaculture
industry by other parties are all necessary to prevent these risks. Currently, China has
abandoned its once-expensive approach to aquaculture and is actively transforming and
upgrading toward ecologically friendly and healthy aquaculture. The green development
of aquaculture will make significant progress through the collaboration of public and
private parties, which will ultimately result in the high-quality, sustainable development of
the aquaculture economy.
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Abstract: Marine fishery is an important part of China’s maritime power strategy. Improving the
ecological efficiency of marine fishery is the inevitable way to achieve the sustainable development
of fishery. Based on the perspective of industrial sustainable development, this study used the
Super-SBM model to evaluate the ecological efficiency of marine fishery in 11 coastal provinces
of China from 2011 to 2020. Combined with Malmquist index, Moran index and other methods,
the spatial and temporal evolution characteristics were analyzed. On this basis, the Tobit panel
model was used to explore the influencing factors of marine fishery eco-efficiency. The results show
that: (1) From 2011 to 2020, the marine fishery eco-efficiency in the 10 coastal provinces and cities
of China shows a clear trend of improvement, and the efficiency values in high-efficiency areas
remain basically stable. The relative gap between efficient and inefficient regions remains significant.
(2) From the perspective of spatial distribution characteristics, the ecological efficiency of marine
fishery in coastal provinces and cities in China had no obvious spatial correlation, and showed a
trend of cross-distribution between high-efficiency regions and low-efficiency regions. (3) The change
of marine fishery eco-efficiency is the result of a variety of influencing factors. Fishery industrial
structure, scientific and technological support levels and environmental regulation play a role in
promoting the improvement of marine fishery eco-efficiency. Therefore, optimizing the structure
of the fishery industry, improving environmental regulation and increasing investment in science
and technology are all effective measures for local governments to improve the eco-efficiency of
marine fisheries.

Keywords: marine fishery; ecological efficiency; Super-SBM model; spatial and temporal characteristics;
Tobit regression

Key Contribution: This paper analyzes the spatial-temporal characteristics and influencing factors
of the ecological efficiency of marine fisheries.

1. Introduction

The marine economy serves as a crucial driver for regional development in the mod-
ern era and significantly contributes to enhancing national strength. The 19th National
Congress of the Communist Party of China (CPC) introduced the strategy of “adhering
to the overall planning of land and sea and accelerating the establishment of maritime
power”. Integrating the development of maritime power into the contemporary economic
system, embracing the new concept of green development and enhancing marine ecological
efficiency are pivotal to achieving sustainable progress in the marine economy. Modern
marine fishery stands as one of the world’s four primary marine industries, with China
being the largest global producer of marine aquatic products. In 2020, China’s marine
product output reached 33.1438 million tons, accounting for 50.6% of the total global output.
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Of this, marine fishing accounted for 11.7907 million tons, and mariculture accounted
for 21.3531 million tons [1]. The total value of China’s marine fishery production reached
87.471 billion dollars, underscoring its increasingly prominent role in bolstering the nation’s
marine economic strength. However, with the rapid economic development in coastal
areas of China and the deepening of marine resource exploitation, the traditional extensive
development mode of marine economy is no longer suitable for the current concept of
conservation and intensive and recycling of resources. Problems such as the depletion of
fishery resources and deterioration of marine ecological environment appear [2], which
seriously restrict the sustainable development of China’s marine fishery; these have become
urgent problems that need to be solved in the development of China’s fishery economy.

Ecological efficiency, based on efficient resource utilization and minimal environmen-
tal damage, can assess the level and quality of economic development. As a result, it has
emerged as a crucial indicator for measuring the sustainable development of the econ-
omy, resources and environment. It comprehensively reflects the degree of coordinated
development among regional resources, economy, and ecosystems [3]. Schaltegger et al.
introduced the concept of “ecological efficiency”. They defined it as the ratio between
economic added value and environmental impact, emphasizing the coordination of eco-
nomic and environmental benefits to create greater social benefits with reduced resource
consumption and environmental impact [4]. The growing focus on sustainable develop-
ment has led to an increased attention toward ecological efficiency. Currently, research
on ecological efficiency primarily centers around the following aspects: (1) Research ob-
jects of ecological efficiency. Scholars have combined the concept of eco-efficiency with
economic production practices, involving industry [5-8], energy [9,10], marine [11-14],
agriculture [15,16], tourism [17,18], urban development [19-22] and many other fields. The
economic and environmental performance was evaluated via an empirical method, and
ecological efficiency was used as an optimization strategy in the actual production process.
(2) Research methods of ecological efficiency. Scholars used analysis tools such as Principal
Component Analysis [23], environmental resource ratio method [24], Ecological Footprint
Analysis method [25], Stochastic Frontier method (SFA) [26,27] and Data Envelopment
Analysis method (DEA) [28,29] to measure the ecological efficiency of different research
objects. DEA and SFA are the most widely used methods, but DEA has obvious advantages:
it does not need to set a production function and can handle multi-input and multi-output
simultaneously. Tone et al. [30] incorporated relaxation variables into the objective func-
tion on the basis of the DEA model and built a non-radial and non-angular Slacks-Based
Measure model (SBM), which has gradually become the mainstream model for measuring
ecological efficiency. After a series of extensions, models such as the super-efficiency SBM
model and non-expected output SBM model are formed. (3) Study on regional differences
of eco-efficiency. Early studies mainly described and analyzed the results of eco-efficiency
in different regions [31]. However, due to the differences of production technology in dif-
ferent time sections, it is difficult to reveal the complete change process and the evolution
characteristics of regional differences by static evaluation of eco-efficiency only from the
perspective of space. With the deepening of research and the maturity of research methods,
spatial analysis methods, such as data spatial visualization, Kernel density, Theil index,
spatial Markov chain, and exploratory spatial analysis, have been applied to investigate
regional disparities and dynamic evolution of eco-efficiency distribution [32-34]. Research
levels also involve different scales, such as country [35], province [36], special economic
zone [37], and city [38]. (4) Study on influencing factors of ecological efficiency. Existing
studies have covered industrial structure, economic level, government regulation and
opening to the outside world, etc., and the DEA-Tobit model is usually used to investigate
the impact degree of the above factors on ecological efficiency [39].

Throughout the relevant literature, ecological efficiency has been applied not only to
the environmental performance evaluation of specific industries, especially high energy
consumption and high-pollution industries, but also to the evaluation of overall economic
and environmental coordination at different spatial scales. The concept of ecological
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efficiency has been well applied and developed. Specifically speaking, in the field of
marine fisheries, ecological efficiency of marine fisheries refers to maximizing the benefits
of marine fisheries and minimizing negative ecological benefits on the premise that the
output and quality of marine fisheries meet social needs. Currently, scholars have basically
reached a consensus on the resource and environmental issues facing the development
of marine fisheries, but there is still no precise definition of the ecological efficiency of
marine fisheries. The perspective on the ecological performance of marine fisheries is
mostly limited to resource management [40], ecosystem [41], or carbon emissions [42], and
few scholars have conducted systematic research on the ecological efficiency of marine
fisheries from the overall perspective of industrial sustainable development. The theory
of ecological efficiency has not been applied to the study of the sustainable development
of marine fisheries. Based on this, from the perspective of the sustainable development of
the marine fishery industry, this paper uses the super-efficiency SBM model to measure
the ecological efficiency of marine fisheries in 11 coastal provinces in China from 2011
to 2020, and analyzes its spatiotemporal evolution characteristics using methods such as
the Malmquist index and the Moran index. On this basis, in order to provide a feasible
reference for improving the level of marine fishery ecological efficiency and realizing the
sustainable development of Marine fishery economy, the Tobit panel model was used to
analyze the factors influencing the ecological efficiency of Marine fishery.

2. Theoretical Analysis, Research Methods and Index Construction
2.1. Theoretical Analysis

In a broad sense, marine fishery includes not only marine fishing and mariculture,
but also the value-added links of the industrial chain such as aquatic product processing,
storage, transportation, circulation and service, as well as the supporting links such as seed
breeding, fishery feed and fishery drug processing and fishery machinery manufacturing.
It is an industrial network with horizontal and vertical systems. With the expansion
of the scale of the marine fishery industry, energy resource consumption and pollutant
emissions have gradually increased. At the same time, due to the decline in fishery
resources and the deterioration of the offshore environment, the carbon sink function of
fisheries has weakened, which has a negative impact on the ecosystem balance of coastal
areas. According to previous studies, combined with the current situation of China’s marine
fishery development, the impact of marine fishery industry on its eco-efficiency mainly
comes from four aspects: The first is the resource consumption caused by offshore fishing
and fuel burning of fishing vessels. The second is the energy consumption and pollutants
of mariculture, including the fuel consumption of aquaculture fishing vessels, the power
consumption of oxygen supply and feeding in ponds and factories, and the eutrophication
of water bodies caused by fishing drugs and feeding. The third is the three wastes (waste
gas, waste water and industrial residue) produced in the processing of aquatic products
due to low raw material utilization and low-level processes. Lastly, the fourth is the loss
of products in the transportation process, as well as the environmental pollution caused
by the consumption of related service industries. In order to show the ways or means that
different links in the marine fishery industry chain may affect eco-efficiency under the
constraints of resources and environment, a schematic diagram of the impact process of the
marine fishery industry’s eco-efficiency is constructed (Figure 1).

Based on this, the ecological efficiency of marine fishery is defined as the premise
of reducing the consumption of resources and energy in the operation of the marine
fishery industry, reducing the negative impact of the whole environment and maintaining
a high level of income. The process of improving the ecological efficiency of marine
fisheries is the process of internalizing negative externalities through a series of industrial
optimization methods.
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Figure 1. Impact of marine fishery industry on eco-efficiency.

2.2. Research Methods
2.2.1. Super-SBM Model

By combing various works from the existing literature, it is found that the commonly
used measurement methods of ecological efficiency mainly include Stochastic Frontier
Analysis (SFA), Data Envelopment Analysis (DEA), etc. Considering that the SBM model
can obtain a more accurate efficiency value than the traditional DEA model and can make
up for the lack of CCR model in the case of when the multiple DMU is 1. This article
regards marine fisheries as a complete industrial sector and uses the super-efficiency SBM
model to calculate the ecological efficiency of marine fisheries in different provinces and
cities along the coast of China. The super-efficiency SBM model with constant returns to
scale is expressed as:

1ym —
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where 1 decision-making units (DMUs) are composed of input m and output s. The vector
form is expressed as x € R™ and y € R®; x and y are matrices. s~ and s* represent the slack
of input and output.

2.2.2. Malmquist Index

The Malmquist index is mainly used to analyze the change of production efficiency
after efficiency evaluation. In order to analyze the changes of a marine fishery eco-efficiency,
this paper chooses the Malmquist index used by Zhou et al. (2010) [43]:

Ef(xF1,yt1)  ER (61 i) 1/2
x @)
EGy) B

M(x”l,ytH, xt,yt> _ [

The index involves two single-period distance functions Ef (x!,y") and EF1 (xf*1,!+1
with constant returns to scale, and two inter-period output distance functions E* (x'*1, y'*1)
and EFFL(xf, yt). EM (2], 91, 2!, yt) > 1, it indicates the technological progress. More-
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over, the Malmquist index can be decomposed into technical efficiency change and technical
change. Thus, (2) can be written as:

EfH (xH1 1) Ef (x*1,y1+1) E! (x', ) 1/2

Ef(xf, ) X EFHT (1, yt+T) . EFFT(xt, yt)

M<xt+1’yt+1/xt’yt> _ @)

2.2.3. Moran’s Index

Moran’s index is a coefficient [44] used to judge the correlation between entities in a
certain space. The value is usually in [—1, 1]. When Moran’s index is between [0, 1], it shows
that there is spatial correlation, that is, adjacent entities have similar attributes or trends;
Moran’s index is negatively correlated when it is less than 0; when the Moran index is
equal to 0, it presents spatial randomness. The Moran index is divided into Global Moran’s
I'and Local Moran’s I, which are used to measure the existence of spatial autocorrelation
and the specific location of spatial agglomeration.

2.2.4. Tobit Regression Model

The Tobit regression model is a model with limited dependent variables. When the
value of the variable is cut or truncated, the Tobit regression model following the maximum
likelihood method is a better choice. Since the efficiency values calculated by the data
envelopment method are greater than 0, which belongs to the truncated case, the panel
Tobit regression method is used to analyze the influencing factors.

2.3. Indicator Selection and Data Sources
2.3.1. Index System Construction

Combined with the connotation of marine fishery ecological efficiency, the input index
is constructed from three aspects of economy, resources and environment, and the total
output value of marine fishery is taken as the output index to construct the quantitative
evaluation index system of marine fishery ecological efficiency (Table 1). In terms of input
indicators, at the economic level, refer to existing research (Sun Kang et al., 2017) [45]
selecting the number of marine fishery employees as labor input, marine fishery fixed
assets stock and marine fishery intermediate consumption as capital input; at the resource
level, marine aquaculture area represents natural resource input; at the environmental level,
because it is difficult to measure the direct environmental investment in marine fishery,
the economic loss of marine fishery caused by pollution is used to reflect the input of
environmental pollution. Among them, (D) there is no direct data on the investment in fixed
assets of marine fisheries from 2011 to 2020 in the ‘China Fisheries Statistical Yearbook’.
This paper uses the investment in fixed assets of agriculture, forestry, animal husbandry and
fishery to indirectly obtain the investment in fixed assets of marine fisheries. Considering
the lag of the role of fixed assets, the perpetual inventory method is used to measure the
stock of fixed assets over the years with 2011 as the base period. The specific formula is:

kip = (1=0)kis—1+ ALy 4)

Table 1. The quantitative evaluation index system of marine fishery ecological efficiency.

Target Layer Criterion Layer Variable Indicator Layer
Labor input Marine fishery practitioners
Fixed asset investment Fixed asset stock of marine fishery
Eco-efficiency of Input indicators Current asset investment Intermediate consumption of marine fishery
marine fishery Natural resources input Area of mariculture
Environmental pollution input Economic losses of marine fishery caused by pollution
Output indicators Output value Total economic output value of marine fishery
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Among them, K;; and K; ;1 represent the stock of marine fishery fixed assets in region
iin t and t — 1 years, respectively; I;; represents the constant price fixed asset stock of
region i in year t; J;; represents the depreciation rate of fixed assets; and A represents the
capital formation rate of fixed assets. The values of the two are based on the practice of
Yu et al. (2020) [46]. @ The data of intermediate consumption of marine fisheries cannot
be obtained directly from the yearbook. Drawing on the ideas of Qin et al. (2018) [47],
the intermediate consumption of fisheries is used for conversion. The specific conversion
formula is:

Marine fishery intermediate consumption
= Fishery intermediate consumption

Total output value of marine fishery
Total fishery output value

The results are converted into comparable prices in 2011 according to the price index
of agricultural means of production. Since the data of marine fishery pollution indicators
are difficult to obtain directly, the economic loss of marine fishery caused by pollution is
used instead. Based on the idea of Xu et al. (2022) [48], the specific formula is:

Marine fishery economic losses caused by pollution

= Economic loss of aquatic products caused by pollution

« Economic value added of fishery Seawater product output
GDP Total output of aquatic products

In terms of output indicators, the total output value of marine fisheries was selected
and reduced to a comparable price in 2011 according to the agricultural producer price
index. Furthermore, the super-efficiency SBM model with constant returns to scale is used
to measure the ecological efficiency of marine fishery.

2.3.2. Data Source

The period of this study is from 2011 to 2020. The research objects included 10 coastal
provinces of Tianjin, Hebei, Liaoning, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong,
Guangxi and Hainan in mainland China. Due to the serious lack of data in Shanghai, it was
easy for the empirical results to deviate greatly. Therefore, this is not included in the study.
The relevant data in the study are mainly derived from the “China Fisheries Statistical
Yearbook (2012-2021)”, “China Fisheries Yearbook (2012-2020)”, “China Marine Statistical
Yearbook (2012-2017)”, “China Environmental Statistical Yearbook (2012-2021)”, “China
Rural Statistical Yearbook (2012-2021)” and “China Statistical Yearbook (2012-2021)". A
small amount of missing data is supplemented by the moving average method. The
statistical software used in this study includes DEA-solver, DEAP 2.1, Stata and Eviews 8.0,
and the chart visualization software includes Origin2021, ArcMap10.8 and GeoDA.

3. Empirical Analysis and Results
3.1. Marine Fishery Ecological Efficiency Calculation

According to Formula (1), the DEA-solver software is used to calculate the ecological
efficiency of marine fisheries in China’s coastal areas from 2011 to 2020 (Table 2). According
to the relevant research and the situation of this paper, it is considered that the efficiency
value less than 0.4 is relatively ineffective, 0.4-0.8 is relatively inefficient, 0.8-1 is relatively
effective, 1-1.2 is weakly effective, and 1.2 is highly effective.

According to the changes of marine fishery eco-efficiency values and mean values
over the years, the trend chart of marine fishery eco-efficiency values in coastal provinces
from 2011 to 2020 has been drawn (Figure 2).
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Table 2. Ecological efficiency value of marine fishery in 2011-2020.

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 A“;:lr‘jfe Ranking

Tianjin 10551 10818 11232 11789 11832 1.0988 11389 11375 10714 10380  1.1107 4
Hebei 02561 02810 03460 02989 03145 03034 02993 03190 03532 03812  0.3153 10
Liaoning  0.6867 07188 1.0878 1.0035 10264 10565 10571 06907 10185 10248 09371 6
Jiangsu 04205 04222 04325 04593 04638 10645 1.0454 10422 10757 11015  0.7528 7
Zhejiang 12387 10709 10128 1.0426 10257 10975 11403 11442 10952 11368  1.1005 5
Fujian 10873 11351 12681 12451 12832 12812 12870 13110 13232 14304 12652 2
Shandong 14754 14336 12280 12747 12223 11743 11534 11818 11918 11875 12523 3
Guangdong 05337 05515 0.6343 07364 06766 07288 07161 07623 10006 10166  0.7357 8
Guangxi 03715 04666 05333 05033 04719 05384 05522 05562 05612 05773 05132 9
Hainan 17520 16816 17141 16923 13578 14412 13371 13697 13823 12362 14964 1
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Figure 2. Trends of marine fishery eco-efficiency in coastal provinces from 2011 to 2020.

From the average calculated over the years in Figure 1, it can be seen that the eco-
efficiency of marine fisheries shows a fluctuating upward trend, and the efficiency values
are obviously different among regions. According to the characteristics of the data, it is
divided into five categories: () Highly effective, including Hainan, Shandong and Fujian
provinces, showing that the efficiency value remains above 1.2 for a long time. The efficiency
value of Hainan over the years has shown a fluctuating downward trend. The year 2014
is an important node for efficiency reduction, but the overall average is still 1.49 high.
Shandong’s efficiency value continued to decline steadily, with a large decline from 2012 to
2013, and began to stabilize in 2016, with an average of about 1.25 over the years. Fujian’s
efficiency value rises in gentle fluctuations, surpassing Hainan and Shandong in 2020 and
ranking first in the country. From 2011 to 2013, the marine industry in various provinces
and cities was in a period of rapid development. The degradation of offshore resources
and environment has threatened the industrial sustainability in some areas. The high
ecological efficiency of Hainan benefits from the superior marine environment and the
tertiary industry structure. But, long-term low energy consumption and low output route
will reduce the vitality of the industry, thereby reducing ecological efficiency. Shandong
Province is a major marine fishery province, rich in fishery industry and marine scientific
research strength. As a pioneer in the construction of marine ranching, Shandong has
explored and practiced a systematic ecological farming model to restore offshore fishery
resources to a certain extent, and further combined leisure tourism and modern service
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industries to create new economic growth points so that marine fishery ecological efficiency
can be maintained at a high level for a long time. Fujian is also a traditional marine fishery
province, the coastline length accounts for about 1/5 of the country, with the development
of marine fishery resources, location and industrial base. In addition, Fujian’s import and
export trade of aquatic products is active and the output value contribution is large. The
integration with international standards is conducive to forcing the green and high-quality
development of the fishery industry. @) Effective efficiency refers to the state where the
average efficiency is close to 1, including Tianjin, Zhejiang and Liaoning provinces. The
average eco-efficiency of Tianjin from 2011 to 2020 is about 1.11, which indicates that the
input and output of marine fishery are coordinated. The eco-efficiency value of marine
fishery in Zhejiang Province decreased first and then increased slowly, but the efficiency
value remained stable at about 1.1, reflecting a high level of marine fishery ecological
performance. In addition to maintaining a good marine resource environment, Zhejiang
has also formulated strict regulations on the conservation of fishery resources and habitat
protection, creating a beneficial industrial development environment. Marine fisheries in
Liaoning Province were relatively inefficient in 2011 and 2012, and remained effective after
growing to 1.09 in 2013. Until 2018, with the reduction in the scale of aquaculture and the
reduction in total output value, it entered a painful period of structural adjustment of the
fishery industry, followed by a new growth trend in 2019. @) From invalid to effective,
including Guangdong and Jiangsu provinces, the efficiency value is between 0.4 and 0.8.
Guangdong and Jiangsu are provinces with more developed fisheries. The ecological
efficiency of marine fisheries in Guangdong has fluctuated during the study period, with an
average annual growth rate of about 7.4%. In 2019, the efficiency was effective, disposing
of the disparity in the environmental impact of marine fishery activities among cities, and
achieving an overall improvement in ecological efficiency. The efficiency value of Jiangsu
Province rose from 0.42 in 2011 to 1.1 in 2020, with an average annual growth rate of 11.29%.
In 2016, it completed a leap from relatively inefficient to efficient. (4) Relatively inefficient.
Guangxi’s resources and environment are in good condition, but the scale of the marine
fishery industry is small, the development mode is extensive, and the industrialization
level is low, all of which reduce the ecological efficiency of marine fishery. & Relatively
ineffective, with an efficiency value less than 0.4. Hebei is located in the Bohai Rim region,
the scale of marine fisheries is not large, the marine pollution is serious and the ecological
environment is fragile, causing the ecological efficiency of marine fisheries to remain at a
low level for a long time.

3.2. Time Trend of Marine Fishery Eco-Efficiency Change

Based on the selected input and output indicators of marine fishery, DEAP 2.1 is used
to measure the Malmquist index. The results obtained using the calculation Formulas (2)
and (3) are shown in Tables 3 and 4. The changes of marine fishery eco-efficiency are
analyzed from static and dynamic perspectives.

3.2.1. Static Analysis

In terms of regions, the technological progress of Tianjin, Zhejiang, Fujian, Shandong
and Hainan is higher than the comprehensive technical efficiency, indicating that techno-
logical progress has a high contribution to the improvement of marine fishery ecological
efficiency, and each province relies on technological innovation to achieve the goal in
industrial ecology. At the same time, the pure technical efficiency of Tianjin, Liaoning,
Zhejiang, Fujian, Shandong and Hainan is less than the technical progress, indicating that
the digestion of existing technologies in the field is still insufficient, and it is necessary to use
various factors efficiently to consolidate the development foundation. The scale efficiency
of Hebei, Jiangsu, Guangdong and Guangyxi is less than the pure technical efficiency, which
is in the stage of increasing returns to scale. It can be moderately expanded to improve
efficiency, while the scale advantage of the Guangdong marine fishery industry is gradually
replaced, and technological innovation has become the source of industrial power.
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Table 3. Total factor productivity index of marine fishery in China from 2011 to 2020.

Area Comprehensive Technological Pure Technical Scale Total Factor

Technical Efficiency Progress Efficiency Efficiency Productivity
Tianjin 1.000 1.056 1.000 1.000 1.056
Hebei 1.039 1.000 1.034 1.006 1.039
Liaoning 1.004 1.020 1.001 1.004 1.024
Jiangsu 1.079 1.035 1.074 1.005 1.117
Zhejiang 1.000 1.022 1.000 1.000 1.022
Fujian 1.000 1.062 1.000 1.000 1.062
Shandong 1.000 1.016 1.000 1.000 1.016
Guangdong 1.042 0.987 1.041 1.001 1.029
Guangxi 1.040 0.984 1.029 1.011 1.023
Hainan 1.000 1.023 1.000 1.000 1.023
Average value 1.020 1.020 1.017 1.003 1.041

Table 4. Dynamic analysis of marine fishery eco-efficiency.

Time Comprehensive Technological Pure Technical Scale Total Factor

Technical Efficiency Progress Efficiency Efficiency Productivity
2011-2012 1.0540 0.9480 1.0330 1.0200 0.9990
2012-2013 1.0530 0.9380 1.0220 1.0300 0.9880
2013-2014 0.9900 1.0510 1.0080 0.9820 1.0410
2014-2015 1.0200 1.0710 1.0220 0.9980 1.0920
2015-2016 1.0510 1.0970 1.0650 0.9870 1.1540
2016-2017 0.9940 1.0300 1.0020 0.9920 1.0240
2017-2018 1.0090 1.0160 1.0040 1.0060 1.0260
2018-2019 1.0020 0.9910 1.0020 0.9990 0.9920
2019-2020 1.0100 1.0510 1.0000 1.0100 1.0610
Average value 1.0200 1.0200 1.0170 1.0030 1.0410

3.2.2. Dynamic Analysis

From the perspective of time series, the dynamic changes of the decomposition indexes
of marine fishery eco-efficiency from 2011 to 2020 are further analyzed, as shown in Table 4.

From the mean point of view, the total factor productivity of marine fisheries in
10 coastal provinces and cities in China from 2011 to 2020 was 1.041, indicating that
total factor productivity has become the main driving force for the improvement of the
ecological efficiency of marine fisheries in China, and the technological progress and total
factor productivity in 2011-2020. The trend of change is basically consistent. It can be said
that the main reason for the change of total factor productivity is technological progress.
The comprehensive technical efficiency, technical progress, pure technical efficiency and
scale efficiency are 1.02, 1.02, 1.017 and 1.003, respectively. It also shows that the total
factor productivity of marine fishery is gradually driven by scale efficiency to technological
progress, and pure technical efficiency has a significant effect on the improvement of
comprehensive technical efficiency. In addition, the reason why the technological progress
from 2011 to 2013 was less than 1 was that China did not pay enough attention to the
ecological problems of marine fisheries during this period, and the fishery proliferation
technology was relatively backward.

3.3. Spatial-Temporal Evolution Characteristics of Marine Fishery Eco-Efficiency
3.3.1. Kernel Density Estimation

In order to analyze the time evolution trend of marine fishery eco-efficiency, the four
representative time nodes of 2011, 2014, 2017and 2020 were selected, and Eviews 8.0 was
used to draw the corresponding kernel density curve (Figure 3).
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Figure 3. Temporal and spatial evolution characteristics of marine fishery eco-efficiency in China.

Firstly, from the position point of view, the density function center of the four years
gradually moved to the right. Among them, 2014 has a slight right shift compared with
2011, and 2017 has a significant left shift compared with 2014. The trend in 2020 and 2017 is
similar. Compared with 2014, it has a tendency to converge to the high-efficiency interval.
After 2014, with the adjustment of fishery policy and the upgrading of fishery structure,
the development of marine fishery industry and the ecological environment have been
gradually coordinated, and the ecological efficiency has been improved.

Secondly, in terms of shape, the four sample intervals showed different distribution
characteristics of high-efficiency and low-efficiency areas. The slopes in 2011 and 2014
were relatively gentle. In 2017, the density value increased, and the high density was
concentrated in areas with high ecological efficiency values. In 2020, the density value will
continue to rise, high density will be more concentrated in high-efficiency areas, and the
density of low-efficiency areas will decrease, indicating that the relative gap of ecological
efficiency of marine fisheries in China is quite pronounced.

Thirdly, from the peak point of view, the ecological efficiency of marine fisheries
gradually evolved from a wide peak to a sharp peak from 2011 to 2020. The peak value
of high-efficiency areas increased significantly, the vertical distance of each year widened,
and the peak value of high-efficiency areas was much higher than that of low-efficiency
areas, indicating that the ecological efficiency of marine fisheries has been improved to a
certain extent, but there is still a large gap between provinces.

3.3.2. Moran’s Index
Global Moran Index

We used the GeoDa [49] software to calculate the global Moran index of marine fishery
eco-efficiency in China from 2011 to 2020 on the basis of adjacency weight, see Table 5.

From the numerical characteristics, it can be seen (Table 5) that the Moran index of
China’s marine fishery ecological efficiency is negative in all years except 2018, and all of
them fail to pass the 5% significance test, indicating that China’s marine fishery ecological
efficiency presents the characteristics of cross-distribution between high-value areas and
low-value areas. From the trend of change (Figure 4), the ecological efficiency of marine
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fishery in 2011-2020 showed a trend of segmented change. The global Moran’s index
decreased significantly from 2011 to 2014, indicating that the eco-efficiency value of marine
fishery was more dispersed in spatial distribution during this period. To a certain extent, it
reflects that as China has entered a new era of marine development, various regions have
focused on the development of marine fisheries while ignoring inter-regional exchanges
and cooperation, even in the development of beggar-thy-neighbors, resulting in serious
border effects, forming a situation in which the ecological efficiency of marine fisheries is
uneven. After 2015, the global Moran’s index fluctuated and rose until 2018, from negative
to positive, reaching the highest concentration state in recent years, indicating that the
similarity of marine fishery eco-efficiency values in adjacent areas was rising higher and
higher. In 2015, China’s fishery economy stabilized at a high level. At the same time,
new progress has been made in the conservation of fishery resources and the action of
fishery energy conservation and emission reduction. The central government continues
to increase its efforts to support the implementation and construction of proliferation
and release, marine ranching, etc. At the same time, it provides guarantee for fishermen
to reduce their boats and transfer their jobs, and has achieved remarkable results in the
improvement of marine fishery ecology. The spillover effect of high eco-efficiency provinces
expanded, so that the eco-efficiency of marine fisheries in neighboring provinces has been
significantly improved. Since entering the ‘13th Five-Year’, the development speed of the
marine industry has accelerated, the fishery industry is facing the challenge of industrial
transformation and upgrading, and the ecological efficiency of the marine fishery has
fluctuated, but the trend is good.

Table 5. The global Moran index of marine fishery eco-efficiency in China from 2011 to 2020.

Time Global Moran Index Expected Value Z-Statistic p-Value
2011 —0.4122 —0.1250 —0.9182 0.1940
2012 —0.4985 —0.1250 —1.1664 0.1370
2013 —0.6146 —0.1250 —1.4424 0.0650
2014 —0.6308 —0.1250 —1.5161 0.0560
2015 —0.5777 —0.1250 —1.3476 0.0890
2016 —0.2510 —0.1250 —0.4006 0.3770
2017 —0.2583 —0.1250 —0.4250 0.3590
2018 0.0389 —0.1250 0.4770 0.3010
2019 —0.2207 —0.1250 —0.3383 0.3970
2020 —0.0868 —0.1250 0.1092 0.4430
0.1

0.0 |

0.1}

Global Moran's T
)
W
T

N
0.6 F \\_ _—

_07 1 1 1 1 1 1 1 1 1 1
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 4. The change trend of the global Moreland index of marine fishery eco-efficiency.
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Local Moran Index

In order to further reveal the spatial evolution characteristics of inter-regional marine
fishery eco-efficiency, the GeoDa software was used to calculate the local Moran index from
2011 to 2020, and the scatter plot (Figure 5) and LISA clustering map (Figure 6) of 2011,
2014, 2017 and 2020 were generated.
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Figure 5. Scatter chart of local Moran index of marine fishery eco-efficiency. (a) Local Moran index
scatter plot for 2011; (b) Local Moran index scatter plot for 2014; (c) Local Moran index scatter plot
for 2017; (d) Local Moran index scatter plot for 2020.

93



Fishes 2023, 8, 438

N
I\
7\
2011
Efficiency
[ No neighborhood (1) Efficiency
[ ] Not significant (6) [ No neighborhood (1)
I High-Low (2) [ Not significant (6)
I Low-High (1) I High-Low (3)
N
0\
A

Efficiency Efficiency

I No neighborhood (1) T No neighborhood (1)
\:I Not significant (7) [ INot significant (7)
I High-Low (2) I High-Low (2)

Figure 6. Spatial distribution patterns of marine fishery eco-efficiency types in 2011, 2014, 2017
and 2020.

From the analysis of Figure 5, it can be seen that the eco-efficiency of China’s marine
fishery has been on the rise in the past 10 years, but the spatial pattern of cross-distribution
has not improved significantly. In 2011, 2014 and 2017, the provinces distributed in high—
low and low-high regions accounted for a large proportion, accounting for more than
50% of the study provinces. By 2020, the provinces distributed in high-high regions have
accounted for about 44% of the research provinces, indicating that the inter-provincial
spatial agglomeration of marine fishery eco-efficiency has increased, and the efficiency
differences between coastal provinces and cities have further narrowed. From the LISA
clustering map of marine fishery eco-efficiency in Figure 6, it can be seen that Tianjin
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and Shandong were surrounded by low-efficiency areas in 2011 and 2014, Jiangsu was
surrounded by high-efficiency areas in 2011, and the efficiency of Liaoning, Tianjin and
neighboring areas was significantly different in 2014, 2017 and 2020. Combined with the
distribution map, it can be seen that high-efficiency areas and low-efficiency areas are
staggered from north to south. The zonal shape of China’s coastal areas makes it difficult
for marine fisheries to form a regional ‘agglomeration’ like the industrial sector. Therefore,
the spatial spillover effect of high eco-efficiency areas of marine fisheries is not significant.
The eco-efficiency values of Hebei and Guangxi are low for a long time, but Hebei is
bordered by Tianjin and Shandong, which are high-efficiency areas, and Guangxi is close to
Guangdong, which is growing rapidly. Therefore, it is necessary to explore a new model of
interregional marine fishery cooperation, so that low-efficiency areas can fully accept the
radiation effect from high-efficiency areas and achieve coordinated development.

4. Analysis of Influencing Factors of Marine Fishery Eco-Efficiency
4.1. Identification of Influencing Factors

Tobit regression model is used to analyze the main factors affecting the change of
marine fishery eco-efficiency in China and describe its influencing mechanism and degree
of action. According to the relevant research results and the principles of scientificity,
generality and data availability, the factors that may affect the ecological efficiency of
marine fisheries are selected to construct the index system of influencing factors, as shown
in Table 6.

Table 6. Influencing factors of marine fishery eco-efficiency.

Variable Code Computing Method

Output value of marine fishery secondary industry
and tertiary industry/primary industry
Number of marine fishery R&D

Industrial structure SYS

Scientific support TEC institutions/Number of fishery R&D institutions
Degree of opening-up OPE Total imports and e>.<ports of aquatic products/GDP
of fishery economy
Env1ronmenta1 POL Investment in marine environmental governance
regulation

Industrial structure determines the direction and scale of resource flows, thus affect-
ing the level of resource consumption; the industrial structure determines the type and
quantity of energy use, thus affecting the environmental situation. Some scholars have
confirmed that industrial structure optimization has a positive impact on eco-efficiency [50].
Therefore, this paper expects that the optimization of marine fishery industrial structure
will be conducive to the improvement of marine fishery eco-efficiency. Based on this, the
proportion of the second industry, the third industry output value and the first industry
output value of marine fishery in each province is selected to characterize the industrial
structure of marine fishery.

Science and technology investment can promote scientific and technological innova-
tion, thereby improving the utilization efficiency of marine fishery resources and the level of
production technology, thus reducing pollutant emissions. At the same time, technological
progress is also conducive to improving the level of pollutant control of related enterprises.
Based on this, the proportion of the number of marine fishery research and promotion
institutions in each province in the total number of national fishery research institutions is
selected to characterize the scientific and technological support for marine fishery.

The implementation of fishery ‘going out’ is an important strategy to promote the
sustainable development of fishery. Although opening to the outside world has expanded
people’s demand for marine aquatic products to a certain extent, the gradual expansion of
import and export will lead to the excessive consumption of resources and increase in water
pollution in specific sea environments; through the deep participation in international

95



Fishes 2023, 8, 438

aquatic products trade, the quality of domestic fishery enterprises can be improved. Based
on this, the proportion of import and export trade of aquatic products in the total output
value of fishery economy in each province is selected to characterize the openness of
marine fishery.

Environmental regulation refers to the direct or indirect intervention of local or cen-
tral governments to related enterprises for the purpose of environmental protection and
resource conservation. Under the pressure of environmental regulations, marine fishery
operators will invest more resources in ecological environmental protection and carry out
environmental technology innovation and upgrading in order to seek long-term develop-
ment. The governments of different provinces attach different importance to the ecological
environment of marine fishery, which leads to the different impacts of marine fishery indus-
try on environmental pollution. Based on this, the investment funds of local governments
in marine environmental governance are selected to represent environmental regulation.

4.2. Regression Analysis

The Tobit regression model is a model with limited dependent variables. When the
value of the variable is cut or truncated, the Tobit regression model following the maximum
likelihood method is a better choice. Since the efficiency values calculated using the data
envelopment method are greater than 0, which belongs to the truncated case, the panel
Tobit regression method is used to analyze the influencing factors.

Based on each influencing factor index, the following model is established:

EFF; = o + B1SYS + By TEC + B3OPE + B4POL + 5 + ¢ ®)

In the formula: EFF;; represents the eco-efficiency value of marine fisheries in the ¢
year of the i province, o, B1, B2, - - .- - - , B4 are regression coefficients of each explanatory
variable, J is the individual effect and ¢ is the residual term.

Panel Tobit regression of random effects of influencing factors was performed using
Stata 14.0 software. The results are shown in Table 7.

Table 7. Regression results of influencing factors of marine fishery eco-efficiency.

Variable Regression Coefficient Z-Statistic
SYS 0.2860 *** 3.10
POL 0.0463 * 1.09
TEC 0.0040 ** 2.54
OPE —0.2212 *** -3.03

Constant term 1.9712 ** 3.69

Note: ***,** and *, respectively, indicate that the variables are significant at the level of 1%, 5% and 10%.

LR test results strongly reject the “Hy : 0, = 0’; the individual effects are existed and
random effects panel Tobit regression should be used, so this model is reasonable.

According to the calculation results shown by the model:

Firstly, the industrial structure of marine fisheries has a significant positive effect
on the eco-efficiency of marine fisheries, with an impact coefficient of 0.286 and a 1%
significance test. This shows that the adjustment of marine fishery industrial structure in
China’s coastal provinces is conducive to the improvement of marine fishery ecological
efficiency. The reason is that the primary industry of marine fisheries has a high degree of
resource dependence, which is an industrial sector that directly interacts with the marine
ecological environment, while the secondary and tertiary industries of marine fisheries have
a lower resource consumption, higher technical content and added value. With the increase
in the proportion of the secondary and tertiary industries, labor, capital and technology
are concentrated in the fields of marine aquaculture processing, circulation and service,
reducing the environmental pressure of the primary sector while obtaining more green
output value, which promotes the ecological efficiency of marine fisheries.
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Secondly, the level of fishery opening to the outside world has a certain negative
constraint on the ecological efficiency of marine fisheries, with an impact coefficient of
—0.221, and passed the 1% significance test. The higher the level of the opening up of coastal
provinces and regions, the greater the demand for export and import of aquatic products.
At the same time, due to the of deep processing of aquatic products, low added value
of products and low processing technology, many drawbacks and structural problems
are highlighted. Relying solely on marine fishery production to enhance international
competitiveness has caused the deterioration of the marine fishery water environment.
At present, the level of opening to the outside world is a negative indicator, but coastal
provinces and regions can selectively import and export trade according to their actual
situation, while paying attention to the combination of advanced technology and the
protection of the ecological environment, so as to realize the benign interaction of aquatic
products import and export trade, the positive effect of opening to the outside world will
gradually appear.

Thirdly, science and technology support has a significant positive effect on marine fish-
ery eco-efficiency, the influence coefficient is 0.004, and has passed the 5% significance test.
The reason is that, on the one hand, the increase in R&D funding has gradually transformed
the marine fishery industry from labor and capital-intensive to technology and knowledge-
intensive, making full use of marine fishery resources and greatly reducing pollutant
emissions. On the other hand, coastal provinces and regions have continuously improved
the introduction and training mode of marine fishery talents, established scientific research
institutions for marine fishery, and improved the conversion rate of achievements, which
has played an important role in improving the ecological efficiency of marine fisheries.

Fourthly, environmental regulation has a positive effect on the ecological efficiency of
marine fisheries, with an impact coefficient of 0.0463, and has passed the 10% significance
test. Under the background of the current ecological civilization construction and green
development, the coastal provincial governments pay more and more attention to the
protection of the ecological environment of marine fishery waters, and attach importance
to the improvement of environmental quality. Environmental regulation can directly and
strongly manage and restrict the unreasonable discharge of marine fishery enterprises,
and urge them to consider the cost of environmental pollution and other stakeholders
while obtaining the economic benefits of marine fishery. Reasonable environmental reg-
ulation can stimulate the new demand of marine fishery-related enterprises, R&D bias
green technology innovation, improve the level of cleaner production technology, up-
grade pollution treatment technology and indirectly improve the ecological environment
of marine fisheries.

5. Discussion

China is a maritime power, and marine fisheries are an important component of
modern agriculture and the marine economy. In recent years, marine fisheries have rapidly
developed, with the continuous optimization of their structure and a substantial increase in
marine product output. However, the development of China’s marine fisheries still follows
an extensive approach, and the traditional extensive development model is no longer
suitable for the current intensive and sustainable resource perspective. Problems such as
excessive nearshore fishing, the depletion of fishery resources and marine environmental
pollution have emerged [2]. In 2013, the Chinese government introduced “Several Opinions
on Promoting the Sustainable and Healthy Development of Marine Fisheries,” actively
promoting the sustainable and healthy development of marine fisheries and advancing
marine environmental restoration projects. The marine fisheries have gradually shifted
toward ecological health development. In the future, the marine fisheries will further
uphold the concept of ecological civilization construction, forging a path toward China’s
distinctive marine fisheries ecological development [41].

In this paper, the Super-SBM model is used to measure the ecological efficiency
of marine fisheries in 10 coastal provinces and cities in China from 2011 to 2020. The
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Malmquist index is used to analyze its static characteristics and dynamic changes. Kernel
density estimation, GIS technology and Moran index are used to describe the temporal and
spatial evolution of marine fisheries’ ecological efficiency. On this basis, the panel Tobit
regression model is used to analyze various factors affecting the ecological efficiency of
marine fisheries.

According to the measured results of efficiency value, the marine fishery eco-efficiency
value of China’s 10 coastal provinces is ranked as follows: Hainan, Fujian, Shandong,
Tianjin, Zhejiang, Liaoning, Jiangsu, Guangdong, Guangxi and Hebei. The ecological
efficiency of marine fisheries in Hainan, Fujian and Shandong has been kept above 1.2 for
a long time, which belongs to the high efficiency type. The average efficiency of Tianjin,
Zhejiang and Liaoning provinces is close to 1, which belongs to the relatively efficient
type. The efficiency values of Jiangsu and Guangdong are between 0.4 and 0.8, which
belong to the relatively low efficiency type. Guangxi belongs to the low efficiency type. The
average efficiency value of Hebei Province is less than 0.4, which belongs to the relatively
invalid type.

From the static and dynamic analyses, technological progress has become an important
support to enhance the ecological efficiency of marine fisheries. Each province should
realize the digestion of existing technologies through the scientific allocation of elements,
and explore technological innovation on this basis. On the premise of maintaining a
stable ecological environment, provinces with low ecological efficiency such as Hebei and
Guangxi should pay more attention to the expansion of the marine fishery scale.

From the perspective of time evolution, the marine fishery eco-efficiency in the 10
coastal provinces and cities of China shows a clear trend of improvement, and the efficiency
values in high-efficiency areas remain basically stable. The efficiency values in some regions
have improved rapidly, and efficiency types have been upgraded. For example, Jiangsu and
Guangdong provinces have increased from low efficiency types to relatively low efficiency
types, while Fujian has increased from relatively low efficiency types to high efficiency. The
relative gap between efficient and inefficient regions remains significant.

From the perspective of spatial distribution, the marine fishery eco-efficiency of
coastal provinces and cities in China has no obvious spatial correlation, showing a cross-
distribution of high-efficiency and low-efficiency regions. Overall, the strip-shaped geo-
graphical distribution of China’s coastal provinces is not conducive to the agglomeration
and development of the marine fishery industry.

The change of marine fishery eco-efficiency is the result of a variety of influencing
factors. The structure of the fishery industry, the level of scientific and technological support
and environmental regulations have a positive effect on the improvement of marine fishery
eco-efficiency, and the effect intensity is more significant. The level of opening to the
outside world has a negative effect on the eco-efficiency of marine fishery at the significance
level of 1%, which means that the higher the degree of opening to the outside world,
the more unfavorable the improvement of the ecological efficiency of marine fisheries.
Therefore, when formulating policies to improve the ecological efficiency of marine fisheries,
multiple approaches must be comprehensively considered. Optimizing the structure of the
marine fishery industry, enhancing the local government regulation of the marine fishery
ecological environment, and increasing investment in scientific and technological funds are
all effective measures to improve the ecological efficiency of marine fisheries.

6. Conclusions

To sum up, our study calculated the marine fishery eco-efficiency in China’s coastal
areas from 2011 to 2020, explored the rules and characteristics of its spatiotemporal changes,
and analyzed the influencing factors of such changes. The results emphasize that the
ecological efficiency of marine fisheries in China’s coastal areas has been significantly
improved, and technological progress is an important reason for the improvement of
marine fishery ecological efficiency. Furthermore, the study highlights the importance of
considering regional differences and acknowledges that in the future, such differentiated
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developments will persist for a long time. In future studies, it is necessary to continue
to explore other factors that may influence the eco-efficiency of marine fisheries and to
evaluate the applicability of our findings in different contexts. It is also possible to further
consider the redundancy rate and deficiency rate of ecological efficiency inputs and outputs
of marine fisheries.
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Abstract: Madagascar’s vast oceanic space hosts distant-water fishing (DWF) fleets from Taiwan,
Japan, South Korea, Spain, France and others since the 1960s, making DWF a substantial component
of the blue economy. Considering this extensive experience of managing DWF activities for more
than 60 years, this paper explores the existing policy frameworks and challenges regarding managing
DWE. The results show while it is well equipped legally, the country is struggling to implement
its national policies and laws while continuing to adopt new management frameworks. This is
due to a limited coherence on long-term policy making and policy implementation, resulting in
a mismatch between the two, and a paradoxical vision that promotes DWF without the means
to monitor fishing activities and their impacts. The existing institutional settings and governance
frameworks make change possible in Madagascar’s approach to DWF. To improve the management of
DWE, this paper outlines four pathways. These include (i) a greater attention on the implementation,
harmonisation and evaluation of existing policies and projects; (ii) continuing efforts on transparency
for DWF operations and contract negotiations; (iii) realigning aspirations and policies with local
needs; and (iv) taking better advantage of measures adopted at the regional Indian Ocean level to
improve national management of DWF. An efficient implementation of an improved policy and legal
framework could contribute to strengthening the governance of DWF activities toward sustaining
national benefits while preserving coastal livelihoods.
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1. Introduction

With more than 1.2 million km? of an exclusive economic zone (EEZ), Madagascar
hosts important marine resources. Due to its large land mass and vast population, fisheries
represent a smaller part of GDP compared to agriculture [1]. However, it is still an important
source of revenue for the national budget, and it is a key pillar for Madagascar’s blue

economy policy [2]. Moreover, coastal populations depend on fisheries for livelihoods and
protein intake. They are highly vulnerable and often have no alternative source of revenue.
A little over 50% of the total Malagasy population of 26 million live within 13 coastal
regions [3,4]. State revenues from fisheries are generated through the issuance of various
fishing licenses and permits to fish, transport, sell and export marine products. A large part
Attribution (CC BY) license (https:// of state revenues come from fees associated with tuna fishing access agreements, which
creativecommons.org/ licenses /by / represent the Ministry of Fisheries” primary income source. In 2018, when all DWF fleets
40/). were active, fishing access agreements generated around EUR 3 million in revenue [5].
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Tuna caught from distant-water fishing (DWF) is also the second most exported fishery
product, representing 17% of exports in 2016, just after shrimp [6].

Distant-water fishing in the waters of Madagascar started with exploratory fishing
by Japanese and Taiwanese ships in 1955 looking for yellowfin and albacore tuna around
Madagascar [7]. In the 1980s, the European fleet entered Madagascar’s EEZ and started fish-
ing tuna and associated species under fishing access agreements, followed by agreements
with Asian countries and companies from Japan and Taiwan. The largest DWF stakeholders
are Asian fleets, mainly Taiwanese, Japanese and South Korean, with 121 licensed vessels
in 2018 [5]. They account for the largest part of the tuna catch in the EEZ [8]. However,
they do not land in Madagascar so there is limited information available regarding their
operation. The Asian fleets are composed of longliners that catch tuna and associated
species like swordfish. In 2016, their catch was estimated at around 6000 tons by the former
tuna statistic unit [9]. Species of sharks are also caught as bycatch, although there is no
updated data available to establish the proportion of such catch. The European Union (EU)
fleet is the second largest stakeholder in Madagascar’s EEZ and the most well-known by
the Malagasy public. The EU fleet is the only fleet that lands in Madagascar. While it is
not a legal obligation, it is incentivised in the access agreement by a reduction in licence
fees if there is landing in a Malagasy port or processing company. In 2018, 61 European
fishing vessels, mainly Spanish and French, were authorised to fish in the Malagasy EEZ [5].
While it records the highest catch of all fleets in the Indian Ocean, estimated at more than
210,000 tons in 2016 [10], the EU fleet has a lower catch in the waters of Madagascar, with
2600 tons in 2016, less than half of the Asian fleet’s catch [9]. The EU fleet consists mainly of
Spanish and French vessels [11,12]. The EU fleet is composed mainly of purse seiners but
also has longliners that operate on the eastern side of Madagascar’s EEZ from the island of
La Réunion. Available reports from the former statistic unit estimated that the annual catch
of tuna by foreign industrial fleets in Madagascar’s EEZ is around 10,000 tons per year [9].

DWEF activities are managed at the national level by the ministry in charge of fisheries.
As of 2022, this is the Ministry of Fisheries and blue economy. The ministry oversees the
adoption and implementation of legal and policy frameworks while also concluding fishing
access agreements. Two units are particularly relevant for distant-water fishing: the Tuna
Fisheries Unit and the Centre for Fisheries Surveillance. The Tuna Fisheries Unit oversees
industrial and semi-industrial activities and administers fishing access agreements and
licenses. The surveillance centre undertakes the monitoring control and surveillance of
fishing activities within the EEZ. Various civil society organisations and NGOs are also
indirectly involved in DWF management. The WWE, for example, funded policy initiatives
including two strategies for the management of tuna fisheries; CSOs also take part in
consultations of stakeholders including during the 2022 negotiation of the EU agreement
renewal (pers. obs.).

With the long-term involvement of DWF fleets in the waters of Madagascar, the
government also adopted various frameworks to establish the modalities of DWF and
manage these fishing activities. This paper aims to analyse the governance of distant-water
fishing (DWF) in Madagascar. To do so, it looks at three aspects: the policy framework for
managing DWF in the country, the challenges faced by stakeholders and some proposed
pathways to make DWF more relevant to national needs within the blue economy narrative
in Madagascar. This paper brings an important contribution to the literature on DWF,
which often pictures developing coastal states as rather passive actors when it comes to
managing DWF activities. It shows that Madagascar has made various policy efforts to
manage DWF although such efforts have not always been coordinated or monitored for
their impacts on management and local livelihoods.

2. Materials and Methods

This paper is based on two methods. To analyse the policy frameworks available for
DWE, a review has been undertaken of national laws and policies relevant to distant-water
fishing between 2012 and 2022 in Madagascar (Table 1) and of the content of the United Na-
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tions Convention on the Law of the Sea (UNCLOS) related to DWE. The review includes a
presentation of the relevant texts as well as observations on their implementation, based on
publicly available information and interviews. From the review, some challenges emerged
that were also raised by stakeholders. Stakeholder insights were gathered from 40 inter-
views undertaken in Madagascar in 2017 and 2018. While interviews dated from 2017 and
2018, the author continued to have informal exchanges with various stakeholders inter-
viewed either through expert advice to the NGOs and the Ministry of Fisheries (between
2019 and 2022) or fieldwork in fishing villages (in June 2022). There was no substantial
change of views noticed regarding the insights shared in this paper. Actors included 22
local fishers based in four coastal towns (referenced in the text as ArtFisher for artisanal
fishers operating offshore, SSFisher for small-scale fishers operating within coastal waters
and AssoFisher for a fishing association representative), 13 government officials from local
to national levels (referenced as GovRep in the text) and 5 NGO staff members working in
fishery management (referenced as NgoRep in the text) (see Supplementary Material S1 for
more details on the interviews). These stakeholders were chosen based on their long-term
involvement in fishery management (more than 5 years for government representatives
and NGOs) and for their involvement in offshore fishing activities or knowledge on these
activities for the fishers. The stakeholders were asked three open questions: what they knew
about DWF in the Malagasy EEZ (for fishers and NGOs), what were the actors and policies
related to DWF (government officials) and what were their perspectives on the challenges
and future regarding fishery management in Madagascar (all actors). The section on chal-
lenges is presented through the lens of institutional misfits [13] and transparency in fishery
governance [14] as two complementary angles when looking at policy implementation
in DWE. After the analysis of frameworks and challenges, a discussion section presents
potential pathways towards improving DWF management. These pathways were inspired
from solutions provided by the literature on institutional misfits and fishery governance.
They were adapted to the case of Madagascar by mobilising insights from the interviews
and perspectives from the author.

Table 1. List of national laws and policy reviewed.

Name of the Legal Document Adoption Year Area Covered by the Text
National strategy on the management of tuna 2014 Main priorities for the management of DWF
fisheries in Madagascar ! and improvement of governance
Law n° 2015-053 of December 2nd 2015 .
regarding the Fishery and Aquaculture Code 2 2015 Modalities of DWF

Main vision and aspirations for DWF

i 3 P
Blue Policy paper 2015 in Madagascar
Law-r-1 2018-025 regardlng m?rlt.m’fe zones in the Contextualising fishing activities in the
maritime space under the jurisdiction of the 2018 . .

. 1 exclusive economic zone of Madagascar
Republic of Madagascar
Updated national strategy on the management of 2021 Updated priorities and actions for the
tuna fisheries in Madagascar ! management of DWF
Fisheries Transparency Initiative Standards * 2021 Standards regarding transparency Of.DWF
agreements and modalities of operation
Malagasy blue economy strategy for the fishery 2022 Improvement of fishing access agreements

and aquaculture sector

and the fight against IUU fishing.

! Collected through email exchanges with the Ministry of Fisheries. 2 https://www.fao.org/faolex/results/
details/fr/c/LEX-FAOC162704/ (accessed on 23 February 2022). 3 https://www.fao.org/faolex/results/
details/fr/c/LEX-FAOC163970/#:~:text=Madagascar%20(Niveau%20national)-, Lettre%20de%20Politique%
20Bleue., principales%20orientations%20jusqu\ T1 \textquoterighten%?202025 (accessed on 23 February 2022).
4 https:/ /www.fiti.global/fiti-standard (accessed on 5 July 2022).
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3. Results

3.1. Analysis of National and International Legal and Policy Frameworks Governing Distant-Water

Fishing in Madagascar

3.1.1. The Fishery and Aquaculture Code (2015)

At the national level, this code provides the legal basis for allowing DWF in Madagas-
car’s EEZ. While Article 25 states the conditions for national fleets to undertake fishing in
the EEZ (including a national registration and being chartered by a Malagasy owner or en-
tity), Articles 26 to 40 state the conditions under which foreign vessels can undertake fishing
in Madagascar’s EEZ. Table 2 presents the key articles that govern these fishing activities.

Table 2. Relevant clauses in the fishery law regarding DWF by foreign fleets.

Content

Ref. in the Law

Comments on Implementation
(as of September 2022)

- Fishing zone must be beyond the
territorial waters

Art. 26

- Fishing must comply with existing

- These modalities of fishing are present in
the existing template of fishing access

® management plans and national Art. 28 and 31 agreements and all EU public agr.eer'nents
2 navigation laws - Art. 28, 30 and 31 relate to IUU fishing.
& White et al. (2021) [8] established that
E - Vessels must maintain a logbook of catch, there is some DWF within marine
2 fishing area, landings and any other Art. 30 protected areas while WWE (2023) [15]
= information required by the ministry also established that more than 2500
3 metric tonnes of tuna catch might be
- inistry can reserve certain tishing areas to under-reported in Madagascar. This
> Ministry in fishing Art. 34b der-reported in Madag; Thi
the national fleet T evidence shows limited compliance with
these legal clauses by DWF vessels.
- Mandatory compliance of vessels with
. . . Art. 35.c
international and national laws
- Parties who can enter into access
fishin C(;m an 5 ’ The elements prescribed in Art. 35b are present
" & pany in the existing template of fishing access
g Mandatory key contents of agreements: agreements used by the ministry. These
g - Number and types of vessels allowed elements are also present in all EU public
9 - Payment and access fees agreements. Agreements that allowed for a
& - Vessel marking requirements consultation also included a clause mentioning
2 g requirem that agreements might not be renewed in the
51 - Mandatory communication of catch data
S L - Art. 35.b case of a lack of respect of the agreements’
g - Flag state obligation to ensure compliance o .
= with agreement by vessels and assistance terms orcllaci; of respect of fishing modalities as
;:'; with monitoring and control presented above.
= - Penalties in case of non-compliance with
8 agreement terms
- Madagascar must align with countries of Implemented through the adoption of the
the Indian Ocean resion reearding terms Art. 36 Southwest Indian Ocean Fisheries Commission
and conditions of a greemeﬁts 5 . (SWIOFC) guideline for minimum terms and
& conditions on fishing access agreements in 2018
Content of licenses:
- Tvpes and quantity of fishing sear - Only the EU public agreements include a
ar}ig equiprgent y &8 reference to quantity of species caught
th h a ref t that
- Authorized periods and areas of fishing ortzlrlfial? rle)eel;r:lcehtonnage atcan
- Authorized quantity and minimum size Art. 38 P y 5

Fishing licenses

and weight of species caught
- Restrictions on bycatches and discards
- Boarding of vessels by observers

and scientists

The rest of these items are present in the
existing template of fishing access
agreements and included in all EU
public agreements
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Table 2. Cont.

Content Ref. in the Law

Comments on Implementation
(as of September 2022)

Fishing licenses

Conditions under which licenses will not
be renewed:

Proven engagement of vessels in

TUU activities

Vessels not complying with

regional measures

Vessels without valid registration

Vessels without an authorization to fish
beyond their flag state waters

Vessel owner or fishing company convicted

Art. 40

White et al. [8] reported that there is some
illegal fishing within marine protected areas
and territorial waters while authorities
interviewed mentioned such occurrences have
been limited over the years. WWF [15] also
indicated that more than 2500 metric tonnes of
tuna catch might be under-reported in
Madagascar. If these fishing operators are

identified, it could impact the renewal of their

of a fishery-related offence 5 years before
fishing licenses.

license application
- Non-compliance with national regulations
and management plans

The Law n° 2015-053 of 2 December 2015 on the fishery and aquaculture code also
specifies that the ministry has the right to adopt bylaws for further regulation, including
modalities for granting, renewing, suspending and cancelling licenses to vessel operators.
In 2016, the Malagasy government issued a decree to continue implementing the fishery
law and provided more details on potential terms, including for access agreements such
as encouragement for landings at ports, training of local fishers, infrastructure building,
technology transfer and fishery development (Art. 18 of Decree 2016-1492 regarding the
reorganization of marine fishing activities). As of 2022, despite the existence of access
agreements (Table 4), some of these measures notably increase landings at ports and
technology transfer did not materialise and remain in the realm of aspirations of the
ministry in charge of fisheries. In the past 10 years, landings at ports have decreased rather
than increased in the country [9]. Infrastructure building and training of local fishers have
been ongoing under donor-led projects such as the World Bank South West Indian Ocean
Fisheries Governance and Shared Growth Project (SWIOFISH?2) allocating more than USD
20 million in building human and institutional capacity necessary to implement policies
and management plans regarding fisheries [16]. The impact of these initiatives on the
development of the sector is yet to be seen.

3.1.2. The Blue Policy Paper (2015)

In 2015, the Ministry of Fisheries adopted a Blue Policy paper (lettre de Politique
bleue) outlining the objectives of the ministry regarding the “blue economy” in the fishery
sector. It also included the core principles that should govern the fishery sector, which were
ensuring the sustainable management of fisheries’ resources, increasing the productivity
and economic contribution of the sector, improving the food and nutritional security
of small-scale fishers and fish farmers, fulfilling the national demand for seafood and
promoting transparent and accountable governance [2]. Each of these principles were
accompanied with proposed implementation measures. Under Section 10 of this policy,
industrial fishing is considered one of the main engines to increase the productivity and
economic contribution of the fishery sector. At the national level, measures to achieve this
goal include promoting and supporting a national fleet focused on high commercial species
such as tuna and demersal species. The ministry, therefore, wanted to improve its overall
business framework and encourage new private investments. As of 2022, this was only
partially achieved by the exploration of flagging 10 Chinese vessels to increase productivity
(Table 4 below). In fact, the number of vessels within the national fleet has decreased from
eight vessels in 2013 to five vessels in 2019 [17].
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At the DWF level, the ministry aimed to improve economic benefits from fishing
access agreements. The Blue Policy paper demonstrates the ministry’s goal of gradually
harmonizing agreements by standardizing their duration of validity, their access fees and
their terms of implementation. As of 2022, this can be considered as achieved by the
ministry through the adoption of a licence-fees grid by the government. The grid was,
however, not applied to the latest EU agreement, which nonetheless included higher fees
compared to past EU agreements. For standardization, the ministry already had a template
for fishing access agreements that applies to all non-EU agreements.

3.1.3. The National Strategies for the Management of Tuna Fisheries (2014 and 2021)

In 2014, the ministry in charge of fisheries, with funding from the WWE, adopted a
national strategy for tuna fisheries, which are the main industrial fisheries in Madagascar’s
EEZ. The ministry and various stakeholders adopted an updated strategy in 2021. The 2021
strategy set up five key areas for the management of tuna fisheries. These are mostly like
the areas identified in the 2014 strategy and include the following:

Ensuring coherent, transparent and responsive governance of tuna fisheries (already
present in the 2014 strategy).

Making all statistics and other necessary information available to the ministry for
more informed management of tuna fisheries (already present in the 2014 strategy).

Improving the attractivity of Malagasy ports for foreign industrial fleets.

Developing the national tuna fishery.

Ensuring that the exploitation of tuna resources and the development of fisheries do
not harm the environment and marine ecosystems (already present in the 2014 strategy).

Each area specifies measures to be undertaken such as building the capacity of the
ministry and its statistical unit (the latter was, however, undermined by the dissolution
of the unit later in the same year), clarifying legal texts, maintaining the presence of DWF
fleets, developing a national fleet and reducing the environmental impacts of tuna fisheries.

In Table 3, the 2014 and 2021 tuna strategies were evaluated by comparing indicators of
success against results as of 2022. As can be seen concerning DWEF, most of the measures are
either ongoing, partially implemented or not yet implemented. This shows that although
Madagascar is aware of which measures are needed in its fishery sector, including for DWEF,
the country continues to struggle to fully implement its policies and laws.

3.1.4. Law Regarding Maritime Zones in the Maritime Space under the Jurisdiction of the
Republic of Madagascar (2018)

In 2018, the government introduced legislation to define the maritime space under
Madagascar’s jurisdiction and permitted activities based on international law. Territorial
waters were established at 12 miles from the baselines (low-water line or geodesic lines) and
within which Madagascar has sovereign rights. The contiguous zone extends to 24 miles
from the baselines and allows the state to prevent and pursue offences. The text sets the EEZ
at 200 miles from the baselines, an area within which any occurring activity must comply
with existing national laws such as the fishery code or the mining code. The legislation also
specifies that Madagascar will engage in marine spatial planning following its national
needs and the development of a “blue economy” (Art. 21). Furthermore, new conservation
and exploitation measures within Madagascar’s marine space are subject to environmental
assessments (Art. 22). A strict interpretation of this legislation would mean that while
existing DWF is accepted, new fleets arriving in Madagascar’s EEZ could be subject to
environmental assessments. Drafts of fishing access agreements shared with civil society in
2022 did not include such a clause (pers. obs.).
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3.1.5. Commitment to the Fisheries Transparency Initiative in 2021

In September 2021, the Malagasy government via the ministry in charge of fisheries
publicly declared its commitment to join the Fisheries Transparency Initiative (FiTI). The
FiTI gathers 12 standards of transparency including on foreign fishing access agreements,
large-scale fisheries (vessel registry, payments for fishing, recorded catch data) and benefi-
cial ownership. The FiTI was launched in the country in May 2022. In addition to assessing
the status of Madagascar on the standards, the FiTI also establishes a platform with all rele-
vant stakeholders in the sector to exchange information including on DWF activities. While
not a written legal or policy text, the FiTI still represents an important policy instrument
for the country implementing its current vision of transparency in fisheries. Considering
the recent adoption of this instrument, it is not possible, at the time of the submission of
this paper, to assess the level of implementation of the standard by Madagascar. Joining
the initiative involves committing to assessing adherence to the standard, which will be
presented in transparency reports validated by the FiTI.

3.1.6. The Malagasy Blue Economy Strategy for the Fishery and Aquaculture Sector (2022)

In 2022, the ministry in charge of fisheries adopted its blue economy strategy, validated
by national stakeholders. The strategy has two components that are highly relevant to
DWE, which are the improvement of fishing access agreements and the fight against Illegal,
Unreported and Unregulated (IUU) fishing. Activities linked to fishing access agreements
included the establishment of a fishery agreement and operation analysis unit, increasing
the added value of access agreements and improving ports and processing infrastructures
at ports. Regarding IUU fishing, activities include the implementation of the national plan
to combat IUU fishing, the establishment of mechanisms to combat IUU fishing and the
strengthening of regional cooperation. The implementation of this strategy is yet to be
seen. Considering the recent adoption of this policy, the level of implementation cannot be
assessed. Although, the recent WWF report (2023) on IUU fishing in the Southwest Indian
Ocean reflects that [IUU remains an important challenge for Madagascar to address.

3.1.7. The UNCLOS as the International Instrument Framing Access by Distant-Water
Fishing Nations (1982)

The most relevant international framework for distant-water fishing is the United
Nations Convention on the Law of the Sea (UNCLOS). Through UNCLOS, countries were
granted a bundle of rights regarding natural resources within their national waters: the
right to access, use and manage resources within those limits, the right to determine who
can have access and use rights and the right to lease or sell those rights. In addition to
demarcating geographical boundaries, the UNCLOS established the right of distant-water
fishing nations (DWEFNs) to access resources in coastal countries” EEZs. The UNCLOS
also prescribes the need for regional cooperation for the conservation and management of
migratory species or shared stocks (Article 118). This led to the creation of regional fishery
management organisations such as the Indian Ocean Tuna Commission (IOTC), to which
Madagascar is a party since 1996.

Article 62 of the UNCLOS prescribes that if coastal countries are not able to fully exploit
their marine resources, they can establish access agreements with DWFN’s to exploit these
resources. From UNCLOS, various types of fishing access arrangements developed between
DWENSs and coastal states. They range from bilateral agreements with governments,
industry associations or fishing companies to the allocation of access and/or reduced
licensing costs in return for vessel flagging or investments in the country. Fishing access
agreements determine the terms of access to tuna fishing grounds within the EEZ. They set
the fees to be paid in exchange for access, and they specify the number of vessels that can
be licensed to access the EEZ, the accessible fishing area, the species that can be fished and
other conditions such as the obligation to install satellite devices onboard vessels.

Fishing access agreements are based on the assumption that countries have established
their capacity to exploit their resources and can lease the surplus that they are not able to
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fish to DWF nations. Considering its challenging socio-economic context, which is similar
to that of other developing countries, Madagascar was and is still not able to determine
its capacity to harvest its marine resources. Similarly, its surplus has not been determined.
In the case of offshore marine resources such as tuna or swordfish, which are targeted
species in fishing access agreements, Madagascar relies on regional assessments at the
Indian Ocean level by the Indian Ocean Tuna Commission (IOTC).

A range of stakeholders has legal access to Madagascar’s EEZ through fishing access
agreements. These include countries but also fishing associations and specific fishing
companies. In 2019, operators from six countries were fishing in the waters of Madagascar:
Spain, France, South Korea, Taiwan, Japan and China [5]. Most of the catch in the waters of
Madagascar is caught by South Korean and Taiwanese longliners (6000 tons in 2016, mostly
albacore, yellowfin and bigeye tuna), followed by European purse seiners (2600 tons in 2016,
mostly skipjack, yellowfin and albacore). The remaining 1400 tons are caught by European,
Japanese and Malaysian longliners [9]. The purse seiners operate in Madagascar’s EEZ
mainly between March and June, whereas longliners operate between October and March,
especially in the eastern and southern parts of Madagascar’s EEZ.

Madagascar has two types of fishing access agreements with DWF nations (Table 4).
There are private agreements that are not accessible to the public (as of the time of the
submission of this paper). Confidentiality of fishing access agreements has been practiced
since the start of DWF within the EEZ and is commonly seen in other countries as well
despite that such opacity has often been criticised [18]. There are also public agreements, of
which the EU agreements are the only case and in line with the Common Fisheries Policy
requiring transparency for all public EU agreements. Between 2016 and 2022, there have
been between six and nine active agreements every year. Interestingly, Spain and France
access the EEZ through a public access agreement between Madagascar and the EU with
some of their operators (ANABAC and OPAGAC) also having private agreements with
the Malagasy government through vessels flagged to Mauritius or Seychelles. In 2017 and
2018, only Spanish vessels were landing in Madagascar [9]; pers. obs.

Table 4. Types of access agreements with DWF fleets in Madagascar.

Party of the Nbr of Status
Agreement Flag State Type Type of Vessel Vessels (as of September 2022) Comments
Purse seiners 32
European . . . 1 4-year
Union Spain and France Public Longliners P Signed agreement
e . . . 2-year
Interatun Seychelles/Mauritius ~ Private Purse seiners 5 Signed
agreement
. . . 2-year
Japan Tuna Japan Private Longliners 10 Signed agreement
Dae Young South Korea/ Private Purse seiners 3 Applied for renewal
Fisheries Taiwan Private Longliners 72 Applied for renewal
ANABAC Seychelles/Mauritius ~ Private Purse seiners 6 Applied for renewal
OPAGAC Seychelles/Mauritius ~ Private Purse seiners 6 Applied for renewal

Source: Data collected from public sources and governmental documents by September 2022 [5,19]. ! At the time
of the revision of this paper (June 2023), this agreement has not been enforced yet as it was in the validation
process by the EU parliament.

Fishing access agreements represent a dilemma for the country. Madagascar’s Ministry
of Fisheries relies heavily on revenue from access agreements, representing approximately
80% of the department’s revenue [6] and funding a majority of governmental activities.
At the same time, Madagascar’s access agreements have been highly criticized over the
years. Le Manach et al. [20] reported that over the years, the EU has not paid a fair price for
accessing the Malagasy EEZ as it did not consider the inflation nor currency devaluation
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or the landed value of tuna. Carver [21] reported on the opacity of the agreements and
the potential risks to local fishers. Andriamahefazafy et al. [22] also showed that these
agreements generate aid dependency and limit the geopolitical power of Madagascar
in negotiating management measures regarding tuna fisheries at the Indian Ocean level.
Gorez [23] argued that fishing access agreements could be a serious threat to the livelihoods
of local fishers. Such critics are not unique to the case of Madagascar. More global research
has raised similar issues. Access agreements contribute to the depletion of fish stocks,
constitute a threat to national economic development and affect local fishing communities
including by hindering food security [24-28].

Regarding conservation and management measures (CMMs) adopted at the IOTC,
59 CMMs were active as of September 2022, 56 being binding resolutions and 3 being
recommendations [29]. These CMMs cover a vast array of topics from data reporting
and management of certain gears to catch limits and harvest strategies. According to
the compliance report of Madagascar, the country had 17 non-compliance issues, 10 of
them being repeated non-compliance occurrences. These relate to a lack of data reporting
regarding national catch and lack of data reporting regarding certain species of IOTC such
as shark, marlin or sailfish [19]. Madagascar was, however, compliant for obligations linked
to reporting of vessels in the EEZ, notably by complying with the obligation to provide the
list of foreign vessels licensed in the EEZ and information on access agreements (the latter
consisting of providing a list of signed agreements (ibid.)). Madagascar also participates
actively in the negotiation of CMMs at the IOTC, although its stance has been variable
depending on topics. Madagascar, for example, co-sponsored a ground-breaking resolution
on the management on drifting fish aggregating devices [30] while it also objected to the
resolution on the rebuilding plan for yellowfin tuna, which has been overfished since
2015 [31].

3.2. Governance Challenges Linked to Distant-Water Fishing in the Malagasy Waters

Madagascar faces various socio-economic and political challenges, such as high rates
of poverty and corruption, which have greatly impacted its institutional efficiency [32].
In this context and adding other factors such as geopolitics, managing DWF remains a
challenge for Madagascar. The country suffers from various inadequacies between policy
making, implementation and local realities, also known as misfits in the socio-ecological
systems literature [13,33] as well as implementation challenges found in the literature
of fishery management mainly around transparency and the challenge of fighting IUU
fishing [14,34].

3.2.1. Spatial and Social Misfits of DWF Policies

The first governance misfit that Madagascar faces is the spatial misfit, within which
the institutional arrangements and policies adopted do not match the spatial scale of the
socio-ecological system to be managed [13,35]. Due to Madagascar’s large landmass and
EEZ, DWF policy adopted at the national level can be challenging for coastal regions. When
new laws are passed, the country has limited resources to ensure outreach at the regional
and local levels. Regional representatives of the ministry are given the text of the law,
while coastal communities are often informed through the work of NGOs in the country.
Fishers interviewed presented anecdotes of encountering large vessels when going offshore
without any knowledge about the legalities or modalities of DWF in the EEZ. Local and
regional needs are often difficult to convey at the national level, where laws are developed.
The state has limited resources to consult local communities; the ministry’s regional offices
are only located in the main cities. They are mainly in charge of the registration of all
fishers and fishing vessels and implementing projects specifically targeted to their region
(GovReps 4, 6 and 8). Over the past 10 years, various NGOs have reached out to isolated
fishing communities and undertaken projects to organize fishers into fishing associations
and cooperatives to amplify their voice at the national level (NgoReps 1, 3 and 5). The
Ministry of Fisheries validated that approach in the 2015 fishery code by giving fishing
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associations the right to manage fishing resources at the local level through management
transfers. However, the question of representation within associations remains an issue, as
not all fishers want to be part of an association, leading to some associations having a short
life span or being dominated by local elites in the fishing villages (ArtFisher 10, SSFishers
6 and 8). Therefore, to develop its policies and laws, the ministry relies on inputs from
the NGOs working within fishing villages and from well-established or trusted fishing
associations and cooperatives.

The spatial misfit also manifests with the paradox of priorities that the state faces
between DWF and small-scale and artisanal fisheries. As seen in the analysis of the tuna
strategies in the previous section, developing the domestic and DWF industrial sector
remains a key priority for tuna fisheries in Madagascar. In this context, the impact of DWF
activities on small-scale and artisanal fishers is not considered. On the other hand, the
socio-economic contribution of small-scale and artisanal fishing to the local and national
economy is less known and less visible in the national balance of benefits provided by
different sectors of fisheries. Fishers have long demanded more support for their activities
as resources continue to deplete [36]. Such a limited inclusion of local needs has often
led to regulations and policies which, while they acknowledge the importance of local
fisheries and fishing communities, are either difficult to implement at the local level or
opposed by fishers. As a solution, the Ministry of Fisheries often passes bylaws and
implements regulations. Currently, there are still some legal texts under development
aimed at implementing the 2015 fishery code. Given the challenging context, these may
add to the existing backlog of legal texts to establish and implement.

Madagascar also faces a social misfit within which views at different levels do not
match the institutional arrangements in place [13]. This usually manifests with fishers’
mistrust of the government including the ministry in charge of fisheries. Local fishers often
see the government as a repressive rather than collaborative entity, one that often intervenes
in fishing communities to prosecute offences and illegal activities (views shared by two
to three small-scale fishers in each of the four coastal towns). Furthermore, fishers have
very little knowledge of the contribution of fishing access agreements to their livelihoods
even though some projects for local fisheries are funded by such agreements. Most fishers
interviewed often talked of the need to improve their fishing equipment and vessels or
the supply chain. The ministry has only been able to respond to these demands intermit-
tently through projects that, once implemented, are not guaranteed to be monitored. The
dependency on donor funding also limits the ability of the state to have a long-term vision
for the various sectors of fisheries. As an illustration, 10 years ago (as of the submission
of this paper), Madagascar received funding from the African Bank of Development to
build landing sites for local fishers in various coastal villages. As of 2020, very few of
these landing facilities were operational and they are currently managed by private-sector
entities through a contract with the state government. This demonstrates the persistent
challenge in Madagascar to ensure consistency in initiatives for fisheries. The impact of
the recent efforts of the current ministry that has offered better support to local fishing
communities is yet to be seen in the medium and long term.

The social misfit also manifests with the continuous adoption of legal text and policy
fuelled by the various interests behind policy making. From the 1993 fishery code to
the 2015 code and the blue economy strategy for the fisheries and aquaculture sector,
improvements have been made to address issues regarding not only DWF. The adoption
of new policies and laws is often influenced by various interests at the national level and
aided by the willingness of the ministry in charge of fisheries to demonstrate its active
involvement in policy change to various NGOs and funders. The tuna strategies, for
example, were funded with support from the WWF as part of its own regional strategy
to sustainably manage tuna fisheries in the Western Indian Ocean region. By passing
recent laws on the maritime zone, the Malagasy government made a strong statement
about national sovereignty. The adoption of a blue economy strategy for the sector and
the creation of a blue economy department in 2021 was also a political signal to highlight
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the importance of fisheries for the economy. The ministry’s core staff navigates these
competing interests and initiatives to ensure the continuity of programs. The difficulties in
implementing sustainable programs in Madagascar mean that new laws and policies keep
being adopted with a limited evaluation of their effectiveness (NgoReps 2, 4 and 5).

3.2.2. Pertaining Issues of Transparency and Accountability

In fishery management, a lack of transparency and accountability in DWF can consti-
tute a substantial barrier in advancing sustainable fisheries [14,37,38]. In both the signing
and the implementation of fishing access agreements, significant issues remain. For the
past 12 years or so, NGOs and CSOs have been asking the Ministry of Fisheries to open the
negotiations of agreements to observers to ensure transparency and accountability and to
eliminate the risk of corruption. Since 2018, the ministry has finally complied with these
demands, but only slowly and only for EU negotiations (NgoRep 4). A group of experts
comprising of CSOs, academics and advisors was also invited to prepare and observe
the negotiation of the latest EU agreement, which started in 2019 [39]. While this was a
substantial step, it was not replicated for the negotiations of other agreements, especially
with Asian operators, which remain behind closed doors as of September 2022. Some
members of civil society organisations were asked to provide comments once through
email in 2021 regarding the renewal of the Japan Tuna agreement without any further
follow up (pers. obs.).

In terms of accountability, the public, including local fishers, is not aware of how
many fishing boats operate within the EEZ or who is operating them. The surveillance and
monitoring centre (‘Centre de Surveillance des Péches’—CSP) and local fishers recount
anecdotes of fishers complaining about big vessels entering territorial waters and not
knowing if they are legal or illegal (interview insights from ArtFishers 8, SSFishers 5 and
6, AssoFisher 2, NgoRep 1, GovRep 5). The limited knowledge about which agreements
are currently in effect and which vessels are present in the EEZ exacerbates the mistrust
between local fishers and authorities. Since 2021, the ministry has made more efforts to
publicise the conclusion of fishing access agreements and licenses through publications on
its Facebook page. The commitment to the FiTI was also a step towards better publications
of information linked to DWFE. A database of such information is also part of the requirement
of the FiTI standards. A substantial challenge also remains in terms of transparency of
DWEF in Madagascar especially regarding non-EU vessels. These vessels do not land at
Malagasy ports and have an unsatisfactory rate of logbook submissions (interview insights
from GovReps 1, 2, 3 and 10). There is little information on their activities in Madagascar’s
EEZ. One has to refer to the reporting of parties to the IOTC to obtain an idea of non-EU
catch volumes, and these data are only based on fleet reports, not observer data. The
lack of transparency in the activity of Asian fleets hinders any attempt at improving the
management of DWE. As seen in other studies, dark fleet operations can have severe
impacts on fish resources and missing revenues from under-reported catches [15,40].

3.2.3. A Still Limited Capacity to Fight IUU Fishing

Regarding its capacity to fight IUU fishing through Monitoring, Control and Surveil-
lance (MCS), the CSP’s surveillance fleet includes 15 vessels (2 vessels operating in Mada-
gascar’s EEZ and 13 in coastal waters). The rest of its fleet is composed of small boats
and four-wheel drive vehicles. In addition to these, the CSP uses aerial surveillance, has
inspectors and runs an observer program.

While the creation of the CSP in 1999 and investments in its infrastructure and re-
sources have contributed to the reduction in illegal fishing, the CSP’s current resources
are too limited to ensure surveillance of the entire EEZ. This is due to its limited financial
resources and its struggle to mobilise more of the national budget (GovRep 13). To monitor
activities within the EEZ, the CSP mostly relies on vessel captains honouring their obliga-
tion to turn on their vessel monitoring system (VMS) while inside the EEZ. Furthermore,
a report presented to the ministry in charge of fisheries in 2022 by civil society also high-
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lighted that some fleets also had poor AIS transmissions, which prevents the monitoring of
their activities in the EEZ even more. Only aerial surveillance can provide a full picture
of fishing activities within the EEZ. However, aerial surveillance is very expensive for the
ministry. In 2017 and 2018, no aerial surveillance was undertaken, while only 74 days of
actual surveillance out of 120 days of planned surveillance took place in 2017 [40]. The
observer program, an important component of the CSP’s MCS capacity, has not performed
as needed mainly due to the reduced number of observers, from 30 to 17 in 2017 (pers.
comm.). Observer coverage is also low at around 24% of the domestic fleet and 10% of
foreign fleets [41].

To overcome the limitations linked to the fight against IUU, Madagascar has relied
on regional initiatives such as the regional MCS program, funded by the Indian Ocean
Commission, which allows the use of logistical resources between country members of
the IOC to conduct regional monitoring and surveillance. Thanks to this, illegal fishing in
Madagascar’s EEZ is considered to be less prolific by enforcing agents at CSP and other
similar MCS units based in Mauritius and Seychelles [22]. In 2022, the government also
signed the SADC MCS charter that aims to establish a regional SADC Fisheries Monitoring,
Control and Surveillance Coordination Centre (MCSCC) [42]. This regional centre aims
to mobilise regional intelligence in the SADC region, build capacity of MCS units and
establish joint surveillance activities of EEZs between the SADC countries (ibid.).

4. Discussion on Pathways towards an Improved DWF Policy Framework

From the analysis of the policy framework and challenges for managing DWF in Mada-
gascar, four pathways are proposed to improve the governance of distant-water fishing
in Madagascar. These are based on pathways suggested in the literature on institutional
misfits and fishery governance, adapted to the case of DWF in Madagascar.

4.1. Address Policy Coherence and Improve Monitoring

Addressing policy coherence, from policy design to implementation, can allow various
stakeholders to advance fisheries and marine resources management that considers diverse
views and interests [43,44]. In the case of DWF management in Madagascar, such coherence
could be achieved not only by harmonising policies and laws but also by ensuring that
policies are effectively implemented at different levels. While Madagascar can indeed be
seen as progressive in its adoption of laws, policies and regional measures, implementation
remains a challenge, especially for the Ministry of Fisheries. While NGOs have attempted
to fill the gap in various coastal areas, the ministry is the main player when it comes to
implementing its laws and policies. As new laws, policies and strategies continue to be
adopted, harmonising them with existing laws could help determine which policies can be
implemented and where policy gaps exist. Moreover, outreach activities toward regional
offices, fishing communities and DWF operators could improve knowledge regarding
existing legal texts and policies amongst local stakeholders. Fishers interviewed felt that
more dialogue with local authorities would improve their feeling of integration and being
part of national policy making and implementation. Since the ministry in charge of fisheries
communicates new laws and policies directly to DWEF operators, the latter should be fully
aware of existing texts, which would allow for strong penalties in the case of offences.

Another area that requires considerable improvement is monitoring and evaluation.
Madagascar, like many other developing countries, has been a living laboratory of all
sorts of development projects and initiatives [45]. These have often been short-lived, with
limited consolidation of lessons learnt (ibid.). In this context, there is limited consolidated
knowledge of what works and especially what does not. Like for the management of
terrestrial resources, for example, failed initiatives are often not recorded, and stakeholders’
experiences are often not shared [46,47]. A continuous monitoring system for policy
initiatives and projects relating to the development of fisheries could prevent repeating
past mistakes. To this end, monitoring and evaluation of activities that are funded through
revenues from DWF would help understand if they contributed to the improvement of
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the fishery sector. Stricter monitoring of DWF operations in the EEZ can also inform
decision making on DWF management and contracts [48]. This could be achieved by
improving observers’ coverage along with ensuring their working conditions on vessels.
All stakeholders working on data that were interviewed raised that better monitoring
of catch data is needed, especially for non-EU fleets. This could be done through the
implementation of more dissuasive sanctions in the case of late submissions of logbooks to
the statistical unit. Finally, Madagascar is part of various initiatives that involve the sharing
of data on fishing in the Indian Ocean; these data could be mobilised to inform the decision-
making process during negotiations of access agreements. While the ministry’s resources
and funding might be limited, implementation, monitoring and evaluation activities could
at least guide initiatives that can be effective or not for the future. Specific budget lines
could be assigned to these activities while incoming revenues and funding could be directed
towards such activities.

4.2. Realign National Policy and Actions with Local Needs

As DWF continues to face criticism at the national and global levels [26,27], its perpet-
uation in the waters of a developing country such as Madagascar remains paradoxical. Its
contribution to the national economy, in particular fishing communities, is yet to be seen
in tangible ways. To ensure that DWF has a limited negative impact on local livelihoods
and communities, Madagascar’s national policy and actions might need to be realigned
with local needs. This could help address the spatial and social misfits identified in the
challenges above. For example, the country could develop more long-term initiatives with
the revenue from fishing access agreements and similar funding to promote activities that
contribute to the well-being and livelihoods of fishing communities. The recent turn of
the government towards flagging industrial vessels could be re-evaluated on the kinds
and levels of benefits and trade-offs it brings to the economy and the coastal communities
relying on fishing as a livelihood.

For artisanal and small-scale fishers, the combination of a steady decrease in marine
resources and the need to focus on a day-to-day livelihood provides limited perspectives
for long-term prosperity [49]. As national policies have begun to recognize the importance
of artisanal and small-scale fishing, addressing broader socio-economic and political factors
that prevent fishers from prospering could be beneficial. This includes rethinking the
value of projects regarding fisheries based on intermittent donations of fishing gears and
tackling the problem of sustaining livelihoods in the short and long term. This could also
improve local fishers’ trust in the state. Initiatives that improve learning exchanges in the
management of marine resources among coastal communities exist [50]. These represent
an avenue for the government to gain access to local fishers, although this also requires a
strong willingness from the authorities to actively listen to the voices of small-scale fishers
when they express their concerns.

4.3. Further Strengthen Transparency in DWF

The next suggestion aligns with several demands of NGOs at the national and in-
ternational levels over the years to improve transparency in DWEF, from negotiations to
implementation and benefit sharing [51]. Transparency is also considered an important
pillar of effective fishery governance [14]. Regarding negotiations of fishing access agree-
ments, the efforts since 2018 to allow observers at EU negotiations represent a key step for
Madagascar to open its negotiations to more transparency. This could be established as a
practice to be applied to all types of fishing access agreements. Expanding transparency
in negotiations would also help disassociate fishing access agreements from any devel-
opment aid, which often influences negotiations and the development of aid flows in the
country [52].

Another area where more transparency could be beneficial is regarding the use of
revenue from DWEF. An increased accountability in the allocation of funds could be achieved
by publishing the multiyear plan for EU revenue dedicated to sectoral support and making
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public any report on activities undertaken with these funds. Consultations with national
stakeholders on fishery priorities could help the ministry obtain a clear and consistent
list of activities. A look at the multiyear plan of the 20142018 EU agreement reveals that
some activities did not fit clearly into traditional fisheries or capacity-building categories.
Providing a clearer direction on allowable activities and the allocation of funds could
facilitate the monitoring of implementation. Transparency in this area would also help the
country comply with the FiTI standard on DWE.

A last area where improved transparency could help shape policy regarding the man-
agement of DWF is on the impacts of DWF on the resources and the coastal communities
of Madagascar. There is limited knowledge on the potential competition over resources
between DWF and national fisheries and a need for evidence on the impact of DWF on the
marine biomass and ecosystems within the EEZ. Such evidence could help the government
decide on the need to maintain, improve or stop DWF in Madagascar’s waters. Trans-
parency on the value added and the potential negative impacts of DWF is key to decision
making for the Ministry of Fisheries.

4.4. Mobilise Measures Adopted at the Regional Indian Ocean Level

While aligning regional and national fishery policies can be a challenge for coastal
states, measures adopted at the regional level such as the IOTC also represent an opportu-
nity to improve fishery management at the national level [53]. As Madagascar is involved
in various management initiatives at the Indian Ocean level, there are opportunities to
improve the management of DWF by implementing regional measures. Since Madagas-
car has been engaged in regional surveillance and control for several years, two other
opportunities could be mobilised further: a better integration of measures adopted at
the IOTC, and the implementation of the Southwest Indian Ocean Fisheries Commission
(SWIOFC)’s guidelines on minimum terms and conditions for fishing access agreements
(see Supplementary Material for a summary of the key clauses). Through adopted IOTC res-
olutions, Madagascar has attempted to improve its tuna fishery management. Continuing
these efforts will require more resources to be sustained in the longer term. Implementing
the IOTC’s conservation measures is not always a straightforward process including for
developing countries like Madagascar [54]. Therefore, integrating IOTC resolutions into
national laws and policies implementing resolutions and conservation measures requires
more investment. Ideally, a national budget could be assigned to such a process. However,
there are also venues within fishing access agreements and donor-led funding that could
also be redirected to such efforts.

5. Conclusions

While DWF is fully a part of Madagascar’s blue economy, the current analysis shows
that Madagascar faces challenges in managing this segment of the fishery sector. These
challenges are not uncommon in developing coastal states. They include a limited harmoni-
sation of approaches and policies through the years. While the importance of local fisheries
is increasingly acknowledged, this is often contradicted by governmental actions that aim
to industrialise the sector including by continuing to conclude fishing access agreements
or through flagging foreign industrial vessels. Despite these, the drive of the country to
develop and adopt frameworks to manage DWF needs to be recognised. Moreover, national
laws and frameworks are open to improvement, as they all specify the possibility of adopt-
ing specific legislation or measures to implement better policies (such as the tuna strategy).
The recent commitment to the Fisheries Transparency Initiative presents great potential
to improve transparency in DWF operations and governance if implemented thoroughly.
Madagascar has accumulated extensive experience in dealing with DWF. In addition to
ongoing efforts (as of early 2023), there are opportunities for improvement and there is an
institutional setting to enable changes in Madagascar. This includes Madagascar’s openness
to adopt new regulations and policies when needed, and the continued interest of DWF
fleets in fishing in Madagascar’s EEZ. In its current political and economic situation and its
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current drive for the blue economy, Madagascar would find it difficult to ban DWF in its
waters. Therefore, DWF must be governed by a well-implemented coherent framework
that can provide tangible benefits at the national level through revenue but also sustain
coastal livelihoods and food security. A future reflection on the potential removal of DWF
in the EEZ requires filling the knowledge and data gap on the contribution and impact of
DWE. This could assist decision makers in weighing the value added by DWF compared to
its impact on the future of the blue economy from the local to the national level.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fishes8070361/s1, Key clauses of Southwest Indian Ocean Fisheries
Commission (SWIOFC)'s guidelines on minimum terms and conditions for fishing access agreements.
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Abstract: Marine resources exploitation through bottom trawling affects marine ecosystems; thus,
management should consider the presence of sensitive species as ecosystem health indicators. Epiben-
thic organisms such as sea pens are widely used to assess benthic conditions, as their populations are
declining where trawling is intense. The Pomo/Jabuka Pits fishing ground in the Adriatic Sea, subject
to various management measures over the years, is a nursery for European hake and hosts a small,
but dense, population of Norway lobster and a remarkable abundance of pink shrimp. The sea pen
Funiculina quadrangularis shares its habitat (sandy-muddy bottoms) with these crustaceans. Through
UnderWater TeleVision surveys conducted from 2012 to 2019, F. quadrangularis abundance and dis-
tribution were quantified in relation to changes in the spatiotemporal distribution of fishing efforts.
The average density (n/m?) of colonies was calculated for three periods: BEFORE implementation
of measures (before 1 July 2015), during an INTERMEDIATE period in which limitations changed
(2 July 2015 to 31 August 2017), and AFTER the implementation of a Fishery Restricted Area (from
1 September 2017). F. quadrangularis revealed an increase in density where fisheries were closed, even
after a short period. This showed how management measures can positively influence epibenthic
communities and that sea pens can be indicators of impact and/or recovery of habitats.

Keywords: Funiculina quadrangularis; vulnerable marine ecosystem (VME) indicators; Jabuka/Pomo
Pit; Fishery Restricted Area (FRA)

Key Contribution: Bottom trawling can impact marine ecosystems; benthic conditions can be eval-
uated by means of sensitive organisms such as sea pens. Through UnderWater TeleVision surveys
conducted from 2012 to 2019, F. quadrangularis’ abundance and distribution were quantified in relation
to changes in the spatiotemporal distribution of fishing efforts in the Pomo/Jabuka Pits area (Adriatic
Sea). This showed how management measures can positively influence epibenthic communities.

1. Introduction

Overexploitation of marine resources, especially by means of bottom trawling, can
change or degrade habitats and have negative impacts on marine ecosystems [1-3]. Bottom
trawling, in fact, may lead to long-term changes in benthic communities and affect the
trophic condition of benthic ecosystems [4-7]. In addition to the effects directly linked
to the removal of organisms, a secondary cause can be, for example, the resuspension of
sediment, which can have a suffocating effect on non-target benthic fauna and flora [8-10].
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In order to maintain the sustainability of fish resources over time and the conservation
of ecosystems, careful management should be based on a solid understanding of the
structure and functioning of its components, including the effects of human and natural
disturbances [11,12]. A variety of management techniques can be adopted that also take into
account the presence of sensitive species as ecosystem health indicators useful to evaluate
the effectiveness of measures implemented [12,13]. Depending on the biological traits of
some species, the anthropogenic impact might result in fluctuations in abundance, which
might be reflected also in changes in the ecosystem components and biodiversity [14,15].
The selection of an organism as an indicator species is crucial, as this should represent a
link between the objectives of management measures and the actions [16].

Physical disturbance to the seabed as a result of fishing activities, including effects on
benthic communities, is addressed by the criteria under Descriptor 6 (Sea-floor integrity) of
the Marine Strategy Framework Directive (MSFD) of the European Union [17]. In partic-
ular, criterion D6C3 requires Member States to investigate the adverse effects of physical
disturbance on each habitat type and derived changes in its biotic and abiotic structure and
functions, for example, through the analysis of changes in species composition and their
relative abundance, absence of particularly sensitive or fragile species or species providing
a key function, and the size structure of species. Epibenthic organisms, such as sponges
and sea pens, are among the most used species to assess benthic conditions [13,18]. Sea
pens are colonial cnidarians belonging to the subclass Octocorallia, order Pennatulacea [19].
Sea pen forests may provide important three-dimensional habitats for fish and invertebrate
species, thus contributing to the preservation of ecosystem functions in marine benthic
ecosystems [20-23]. They can host eggs and larvae, and serve as safe habitat for young
fish [24].

The European Commission has classified sea pen forests as vulnerable marine ecosys-
tems (VMESs) and essential fish habitats (EFHs) because of their significant ecological roles
and the sensitivity of pennatulaceans to human activities [25-27]. The presence of sea pens
and possible changes in their distribution provide information in support of the evaluation
of management strategies aimed at safeguarding vulnerable species sensitive to human
impacts [20]. The General Assembly of the United Nations adopted resolution 61/105 to
safeguard VME:s in consideration of the significance of their marine ecological services [27].
To successfully ensure the long-term conservation and sustainable use of marine resources,
Resolution 70/75 emphasized the urgent need to also safeguard VMEs and mitigate the
effects of bottom trawling on them [21].

Funiculina quadrangularis (Pallas, 1766) is a tall sea pen having polyps that develop
from a square-sectioned calcareous axial rod with a peduncle at the base [26]. Individuals
can reach 200 cm in length and have an axis that is up to 25% immersed in the sediment [26].
They are frequently characterized by a feather-like appearance [22,26]. Between 20 and
2000 m of depth, F. quadrangularis is adapted to muddy environments and frequently devel-
ops dense meadows [22]. F. quadrangularis was found in marine lakes and open waters and
is globally distributed (in the Atlantic Ocean, especially in the North Sea, Mediterranean
Sea and throughout the Pacific Ocean [23,24]). F. quadrangularis is not a target for fishing
activities but may be a by-catch due to the fact that it shares the same habitat (on sandy-
muddy sediments) as Nephrops norvegicus (Linnaeus, 1758) and Parapenaeus longirostris
(Lucas, 1846) [26], two of the most important commercial crustaceans, especially in the
Mediterranean Sea [28]. F. quadrangularis is considered a critically endangered species [29];
in fact, its populations are declining in areas where trawling activities targeting the afore-
mentioned species are intense [25].

Mapping F. quadrangularis density over time and space might, thus, be useful not only
to determine their distribution in the Mediterranean, but also to assess the conditions of
the VMEs to which they belong [30,31]. Sea pens are commonly sampled by using trawl
nets, grab samplers, or scuba divers directly cutting/removing the organism [24,32,33].
Less invasive methodologies based on the analysis of photo/video recorded through
Remotely Operated Vehicles (ROVs) or towed camera systems, such as the UnderWater
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TeleVision (UWTYV), are also used for the evaluation of the distribution of sea pens on
the seabed [31,34-36]. In the Adriatic Sea, the UWTV methodology is used to derive
N. norvegicus burrow densities in the Pomo/Jabuka Pits area (important for commercial
fishing and subjected to various management strategies [37]) and was also trialled to assess
the distribution in the area of other species of ecological interest, such as F. quadrangularis,
and trawl marks [34]. The collected footage might indeed be helpful to conduct quantitative
or semi-quantitative evaluation of species coexisting with N. norvegicus in its environment;
OSPAR (the Oslo and Paris Convention for the Protection of the Marine Environment of
the North-East Atlantic) underlined the possibility of using UWTYV for the evaluation of
sea pens [38].

The aim of this study is to assess changes over time in the abundance and distribution
of F. quadrangularis in a particular region in which fishery restrictions changed in space and
time, and therefore verify the actual potential of using this species as an indicator of human
impact and/or the recovery of habitats after the implementation of management strategies.

2. Materials and Methods
2.1. Study Area

The Pomo/Jabuka Pits are three depressions delimited by the 200 m bathymetry
located in the central Adriatic Sea ([39], Figure 1); this area is one of the main fishing grounds
historically shared by the Italian and Croatian fleets [34,40]. The complex topography of
the area and the Adriatic Sea oceanographic regimes make it a very particular environment
in which the water exchange does not happen annually [41]. These conditions influence
the nutrient cycle, with consequences on local biodiversity and on the trophic status of
benthic communities [42]. Furthermore, alterations in species assemblages and possible
consequences on trophic and ecosystem balances could probably be due to the synergistic
action of fishing pressure and climate change [7,43-47].
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Figure 1. The location of the study area within the Mediterranean basin is indicated by a red
circle in the top-left rectangle; the main map shows the bathymetry of the Central Adriatic Sea
(source: [39]) and the Jabuka/Pomo Pits Fishery Restricted Area zones “A”, “B”, and “C”, according
to Recommendation GFCM/41/2017/3 [48].
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This area is the main nursery for the European hake, Merluccius merluccius (Linnaeus,
1758), in the Adriatic, and the presence of muddy bottoms and other exogenous factors
make it the habitat of a population of small-but-dense Norway lobster, N. norvegicus,
individuals [49-51]. Among the other crustacean species occurring in the area, a commercial
and ecological relevance is attributable to the pink shrimp, P. longirostris, which showed
periodic fluctuations in the area, probably linked to environmental parameter changes, and
an abundance peak in 2017 [52,53]. Also possibly linked to climate change, a crustacean
species shift also occurred in the area: the squat lobster Munida intermedia (Milne-Edwards
and Bouvier, 1899), was replaced by Iridonida speciosa (von Martens, 1878) (previously
known as Munida speciosa), first observed in 2003 [54]. Another gadoid species dwelling in
the area, the blue whiting Micromesistius poutassou (Risso, 1827), was reported to experience
fluctuations in abundance over time, probably as a result of environmental variations
and fishing exploitation [55]. Therefore, the Pomo/Jabuka Pits represent a VME and an
EFH worthy of implementation of appropriate management measures aimed at protecting
the demersal fish stocks, enhancing the densities of organisms in terms of biomass and
abundance, and protecting possible VMEs while ensuring the sustainable exploitation
of the main resources [37,56]. For this reason, a series of management measures were
implemented in the area over time [55,57], which led to the establishment, in 2017, of a
Fishery Restricted Area (FRA) by the General Fisheries Commission for the Mediterranean
(GFCM, [48]). The FRA is divided into three zones: “A,” which is closed to all fishing
activity, “B,” where bottom trawling is regulated with licenses and a number of fishing days
(two days allowed per licensed vessel per week, fishing vessels using twin bottom otter
trawls can fish one day per week), and fishery is banned from 1 September to 31 October,
and zone “C,” where trawling is permitted through licenses on Saturdays and Sundays
(from 5.00 am to 10.00 pm), whereas vessels fishing with bottom-set nets, set longlines and
traps can fish from Monday 05.00 am till Thursday 22.00 pm, and fishing is also banned
from 1 September to 31 October (fishing activity with purse seiners and pelagic trawlers
targeting anchovy or sardine is prohibited in the FRA; Figure 1). The European Parliament
and Council ratified the FRA with Regulation 2019/982 [58]. The Pomo/Jabuka Pits FRA
became permanent with GFCM Recommendation 44/2021 [59]. Therefore, the intensity
and distribution of fishing activity in the region changed over time as a consequence of the
aforementioned changes in management measures. In fact, before the implementation of
the management measures, the fishing pressure in the area was quite high and was exerted
by a significant number of vessels [12,37]; since the FRA was established, in addition to
the spatial and temporal limitations, the number of authorized vessels is regulated by the
competent authorities and the annual list of authorized vessels is reported in the GFCM
portal (https://www.fao.org/gfcm/data/fleet/fras/en/, accessed on 16 June 2023).

2.2. Sample Collection and Video Analysis

From 2009 to 2019 (except for 2011 and 2018), the Ancona section of the Institute of
Marine Biological Resources and Biotechnologies of the Italian National Research Council
(CNR-IRBIM) and the Institute of Oceanography and Fisheries (IOF) of Split (Croatia)
partnered on an annual UWTV survey covering the entire area of the three meso-Adriatic
depressions, conducted on board the research vessel Dallaporta (LOA 35.30 m, 258 GT,
1100 HP) [34,37,57,60]. The surveys were carried out under the auspices of the FAO-
ADRIAMED project [60]; in 2013, thanks to the Italian National Flagship Program RIT-
MARE, the UWTV equipment owned by CNR was completely renewed [61], and from
2015 to 2019 it was also supported (for the complementary experimental trawl fishery com-
ponent) by the Italian Ministry of Agricultural, Food, and Forestry Policies (MIPAAF; [62]).

The 60 fixed stations firstly defined in the area according to a random stratified sam-
pling design [34] were maintained over time and are still consistent with the stratification
currently in use based on the FRA zones, as they mainly overlap the original strata [37];
not all stations were studied in all the surveys due to ship time and weather condition
limitations [60]. During each survey, a Kongsberg Simrad colour camera mounted on a

124



Fishes 2023, 8, 347

sledge was towed on the sea floor at about a 1-knot speed. The camera’s field of view was
set at a constant width of 80 cm. A custom data logger, synchronized with the video deck
unit and with a CTD (Conductivity, Temperature, Depth) probe recording environmental
parameters [63], acquired the vessel GPS (Global Positioning System) position (as a proxy of
the sledge position) once per minute to allow the quantification of the surface viewed. After
each survey, trained readers reviewed the collected footage following a specific protocol
to derive estimates of the target features (e.g., burrows) and/or organisms [64,65]. Each
station considered valid for N. norvegicus assessment purposes consisted of a minimum of
7 good minutes (normally out of about 10-20 min recorded per station) complying with the
speed and visibility criteria set for the Adriatic in [60]. Recently, the surface viewed in all
stations of the time series was recalculated to take into account the difference in the bottom
surface covered by the sledge and the vessel route [37].

UWTYV is used to evaluate N. norvegicus following specific standards in several Euro-
pean countries [66]. However, the fact that it uses a fixed field of view makes it suitable
for collecting other ecological data potentially useful in the context of an ecosystem ap-
proach to fisheries management [34]. Figure 2 is composed of frames extrapolated from
UWTYV footage collected in the Adriatic Sea showing the environment and some recorded
organisms. Recently, the UWTYV footage collected in the Pomo Pits area was in fact further
analysed with the aim to derive information on the epibenthic communities subjected to
physical perturbations and the objects of interest in the context of Descriptor 6 of the MSFD,
among which in particular is F. quadrangularis [67].

Figure 2. Images obtained by means of UNTV: (A) trawl track created by the passage of the otter
door of a bottom trawler; (B) inside the red circle is a specimen of F. quadrangularis; (C) the red circle
shows a specimen of N. norvegicus, one of the species with whom sea pens share the habitat; in all
frames are visible burrows made by various organisms.
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2.3. Data Analysis

All data acquired during the UWTV surveys are stored in a database created us-
ing the Geographic Information System (GIS) Manifold® System Release 8 (http://www.
georeference.org/doc/manifold.htm, accessed on 16 April 2023), which allows for the vali-
dation and processing of GPS data to determine the swept area for each minute, mapping,
and various types of analyses [37,60,62]. The analyses carried out within this study took into
account the densities of F. quadrangularis colonies (n/m?) calculated for each of the recorded
minutes considered valid during the footage readings carried out to determine the densities
of N. norvegicus burrows. Because F. quadrangularis is distributed in patches and the density
values per station obtained could be very low, in order to obtain a finer spatial distribution,
in this work, estimates were calculated at the level of one minute. The density (n/m?) of
colonies per minute was calculated using the number of individuals of F. quadrangularis
counted divided by the swept area. In order to assess the F. quadrangularis density variation
as a potential effect of the management measures implemented over time and space, an
approach was adopted that is very similar to that used in Chiarini et al. [55]; in the latter
study, in fact, a short-term evaluation of changes in fisheries management measures occur-
ring in the Pomo/Jabuka Pits Area was carried out through a Before-Intermediate—-After
Multiple Sites (BIAMS) approach (a variant of the classic “before-after-control-impact”
model design also adopted in an attempt to compare contiguous strata with different
characteristics overcoming the unavailability of an adequate independent control site).
To facilitate a possible comparison with the results obtained in the area for other species,
within this study, only UWTV data collected from 2012 onward were considered; therefore,
8 UWTV surveys conducted in the period 2012-2019 (except for 2018) were taken into
account. Overall, 3244 min of video were analysed, for a total of about 85,541 m? of the
seabed. The same three time steps defined in Chiarini et al. [55] were also adopted to allow
possible comparisons of the species response: a period “BEFORE” the implementation of
the first management measures (from 1 January 2012 to 1 July 2015), the “INTERMEDIATE”
stage (from 2 July 2015 to 31 August 2017), in which management measures have changed
over time following national regulations [68,69], and “AFTER” the adoption of Italian and
Croatian regulations analogous to the subsequent FRA application regulation [70] (from 1
September 2017 to 1 January 2020). The average density of colonies over the considered
periods (i.e., “BEFORE”, “INTERMEDIATE”, and “AFTER”) in each of the three zones (“A”,
“B”, and “C”) was analysed to assess any variations in the F. quadrangularis population.
Average densities are not theoretically influenced by differences in surface; furthermore, by
taking into consideration periods rather than single survey years, the limitation caused by
the difference in the number (and location) of minutes recorded in each zone every year
should be reduced. The standard deviation was also calculated to account for variability.
In addition, the homogeneity of variance was assessed by a Levene test and, to address
homoscedasticity, a one-way ANOVA (type II) was performed on the dataset and the
Tukey test was used as a post hoc analysis. Regarding heteroscedasticity, a non-parametric
ANOVA (Kruskal-Wallis test) and Games—-Howell post hoc test were adopted. Each of
the aforementioned periods were considered as the level of a temporal factor accounting
for the fisheries management measures adopted in the study area from 2012 to 2019. To
determine significance, the reference p-value was set at 0.05. These statistical analyses, and
the production of related graphics, were performed using R software and the rstatix, car,
dplyr and ggplot2 packages [71-74].

Furthermore, a spatial grid of 2 x 2 nautical mile cells (surface corresponding to
13.72 km? each) was built for the Pomo/Jabuka Pits area by means of the GIS. Figure 3
highlights the cells in the entire study area which were effectively monitored throughout
the time frame under examination. Mean density (n/ m?) of colonies per cell was calculated
using all data from 2012 to 2019 and also for the three considered periods (i.e., “BEFORE”,
“INTERMDIATE”, and ”AFTER”) in order to obtain density maps.
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Figure 3. Map of the study area: the polygons indicate the three zones of the Jabuka/Pomo Pits FRA,
cells of 2 x 2 nautical miles show the area covered by the UWTV surveys, while their green palette
indicates the number of minutes recorded within each.

Persistence per cell from 2012 to 2019 was also calculated using an adaptation of the
Getis G statistic adopted to identify spatial hotspots [75,76]. The persistence estimates were
obtained by dividing the number of surveys in which the species was found in a particular
cell by the total number of surveys in which that cell was visited. Only cells visited more
than 1 time (i.e., in at least 2 surveys) and in which F. quadrangularis was recorded at least
once were considered to calculate this index. Persistence was also calculated over the single
period “BEFORE” in order to create a baseline showing the initial situation before the
implementation of the management measures, to be used for comparison in future analyses
of medium- to long-term effects.

3. Results
3.1. Spatial Distribution of Colonies and Density by Period for Each Zone (“A”,”B”, and “C”)

In the entire study area, in total, 138 colonies of F. quadrangularis were found, and the
resulting average density per minute was 0.004 n/m? (£0.002). The spatial distribution
of the average density of colonies per cell over the three considered periods and over the
entire time frame of this study is shown in Figure 4. Figure 5, instead, shows the average
densities of F. quadrangularis colonies calculated for each considered zone and period.
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Figure 4. Map of the study area: the polygons indicate the three zones of the FRA, the 2 x 2 nautical
mile cells coloured with a purple palette indicate the average density of F. quadrangularis colonies (no
colonies were ever recorded in the empty cells); panels (A-C) refer respectively to periods “BEFORE”,
“INTERMEDIATE”, and “AFTER”, while panel (D) shows values calculated per each cell over the
entire time frame of the study (2012-2019).
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Figure 5. Average densities (n/m?) of F. quadrangularis colonies recorded in the three FRA zones
(“A”,“B”, “C”) for the three considered periods (“BEFORE”, “INTERMEDIATE”, “AFTER”); yellow
bars indicate the standard deviation.

3.1.1. Area “A” across the Periods

In total, 75 colonies of F. quadrangularis were counted in zone “A”, and the average
density value calculated over the entire time frame of the study was 0.004 n/m? (£0.01). The
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highest value of density was found in the period “AFTER” (maximum density = 0.176 n/m?),
whereas the lowest was in the period “BEFORE” (minimum density other than
0 values = 0.031 n/m?). Given the heterogeneity of the variance, the Kruskal-Wallis
test was performed (p-value < 0.001). The Games—Howell post hoc test proved that the
period “AFTER” is significantly different from the other periods, showing an increase in
density over time (p-value = 0.006 obtained for the comparison of “BEFORE” and ”AFTER”
and p-value = 0.014 for that between “INTERMEDIATE” and ”AFTER”; Figure 5).

3.1.2. Area “B” across the Periods

In zone “B”, 37 colonies were found, and the average density value calculated over the
entire time frame of the study was 0.003 n/m? (40.003). Both the highest and the lowest
density values were found in the period “BEFORE” (maximum density = 0.095 n/ m?, min-
imum density other than 0 values = 0.032 n/m?). Given the homogeneity of the variance, a
one-way ANOVA was performed, but no significant differences among the periods were
found, even if Figure 5 shows a slight increase in density over time.

3.1.3. Area “C” across the Periods

A total of 26 colonies were found in zone “C”, and the average density value calcu-
lated over the entire time frame of the study was 0.003 n/m? (£0.001). The highest density
was found in the period “AFTER” (maximum density = 0.091 n/ m2), whereas the lowest
was found in the period “BEFORE” (minimum density other than 0 values = 0.029 n/m?).
Given the heterogeneity of the variance, the Kruskal-Wallis test was performed
(p-value = 0.002). The Games-Howell post hoc test proved that the period “AFTER” is sig-
nificantly different from the others, showing an increase in density over time (p-value = 0.004
obtained for the comparison of “BEFORE” and “AFTER” and p-value = 0.005 for that be-
tween “INTERMEDIATE” and ”AFTER”; Figure 5).

3.2. Persistence per Cell

The persistence index, calculated for each cell within the entire study area across the en-
tire time frame of the study (Figure 6A), showed the highest values (>0.9) in zones “A” and
“C”. The minimum value of persistence was recorded in Croatian territorial waters (=0.166),
whereas the maximum value was found in zone “A” (=1). The persistence index calculated
in each cell for the “BEFORE” period is shown in Figure 6B. The lowest recorded value
(=0.333) in this case was in zone “B”; the highest was in Croatian territorial waters (=1).
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Figure 6. Map of F. quadrangularis colonies’ persistence in the Pomo/Jabuka Pits area calculated
across the whole considered UWTYV time series (2012-2019; panel (A)) and only for the “BEFORE”
period (panel (B)); the 2 x 2 nautical mile cells indicate portions of seabed visually inspected at least
one time and in which colonies were seen at least once; the red palette indicates values calculated for
each cell (from 0 to 1); the polygons indicate the three zones of the FRA.
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4. Discussion

This study advances the understanding of F. quadrangularis’ geographic range in the
Adriatic Sea. Twelve species of sea pens are actually present in the Mediterranean Sea, of
which six are distributed in the Adriatic Sea, with a southward decline in abundance [30].
The presence of F. quadrangularis in the Off Ancona area, in the Pomo/Jabuka Pits, and off
the Montenegrin coast is worthy of note [30,31]. Sessile organisms are damaged by severe
bottom trawling, endangering the benthic environment and its related fish resources [26,77].
The abundance and location of sea pens in the Adriatic basin may have been influenced
by the high level of fishing activity [30,78]. Historical information on the abundance and
distribution of Pennatulacea in the Adriatic Sea is lacking, and it is challenging to identify
an original, undisturbed state. The quantity and geographic distribution of sea pens may
have been reduced in the Mediterranean basin, especially in the Adriatic Sea, due to intense
trawling targeting commercial species [30]. The use of Sentinels of Seabed (SoS) indicators
could help to map VMEs in the Mediterranean and evaluate anthropogenic impacts, as
described by Serrano et al. [13]. The historical analysis of the distribution of F. quadrangularis
in the Pomo/Jabuka Pits area is therefore noteworthy; being nowadays a FRA, it can be
used to test the recovery times of species of high ecological importance.

4.1. Effects of Different Protection Levels on Funiculina quadrangularis

The development of F. quadrangularis distribution maps could provide indications on
the state of the benthic component impacted by bottom trawling [13,23,31,34]. The slow
growth rate, late sexual maturity and lack of withdrawl capacity make this species sensitive
to trawl impact [24,26,79]. In fact, Downie et al. [33] reported F. quadrangularis to be less
resilient to trawling in the Greater North Sea and Celtic Seas than other sea pens such
as Pennatula phosphorea (Linnaeus, 1758) and Virgularia mirabilis (Miiller, 1776). However,
according to Pierdomenico et al. [80], the relationship between trawling intensity and the
abundance of this species is not straightforward in the southern Tyrrhenian Sea (i.e., the
lowest abundances were recorded in areas with strong fishing pressure, but relatively high
values were observed in areas subject to intermediate effort), as it is for another VME
indicator such as the bamboo coral Isidella elongata (Esper, 1788). While performing ROV
video survey transects in a no-take reserve and some control areas in the northwestern
Mediterranean Sea, Vigo et al. [36] found a higher abundance of Norway lobster and other
fish species within the no-take reserve than in the control area, but only a slightly higher,
but not significant, abundance of F. quadrangularis in the no-take area after 2.5 years since
the implementation. The study area considered in the present work was instead subjected
to various management measures, and consequent levels of fishing pressure, which varied
over time and space. This condition allowed to evaluate the effects of different levels of
trawl impact on sea pen colonies. The average density of F. quadrangularis colonies showed
variations over the entire study period (2012-2019), particularly in zones “A” and “C”,
which appeared to be positively influenced by the management measures. In fact, the
average F. quadrangularis density in these two zones consistently increased, especially in the
“AFTER” period following the establishment of the FRA. Although some environmental
differences between the two zones, such as the difference in bathymetry and circulation
of the Adriatic Sea, do not allow to directly compare them, it is evident that despite a
theoretically similar level of protection in the latter period, zones “B” and “C” showed
different results. The modest increase in zone “B” is likely the result of a fishing pressure
still strong enough to condition the colonies” presence and growth compared to the other
zones. Therefore, the results of this study suggest that under effective trawling management
and, likely, favourable environmental conditions, F. quadrangularis can increase in density
within a few years. These findings are quite in agreement with those resulting for other
benthic species (e.g., N. norvegicus) in Chiarini et al. [55,57].
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4.2. Ecological Aspects and Colonies” Persistence

Although it turns out to be a species sensitive to trawling, the unbranched form
and elasticity of F. quadrangularis allow the persistence of this species even in heavily
trawled regions, but at a lower density than in well-preserved populations [80,81]. In
this study, an index was tested to determine which regions within the Pomo/Jabuka Pits
had more persistent F. quadrangularis patches. A possible limitation of this index is that it
does not account for the time sequence of the records within each cell over the different
years, so it probably should not be applied in its current form to long time series when
two records could paradoxically be at the beginning and end. However, in shorter (and
more homogeneous) time series, as in the case of the “BEFORE” period, it can provide
useful information to compare with subsequent time steps. In fact, when considering
the entire time frame of the study, zones “A” and “C” recorded the highest persistence
values. This might be correlated with management measures, but a further comparison with
persistence calculated for the “AFTER” period, considering more than one survey/year,
would be interesting to confirm this.

It would be interesting to also include in future medium- to long-term evaluations
the distribution and displacement of fishing efforts directly estimated by means of Ves-
sel Monitoring Systems (VMSs) and/or Automatic Identification Systems (AISs) [82-85].
To allow a better understanding of the response of the abundance and distribution of
sea pen colonies to fishing pressure, more complex analyses could also be performed
on the acquired datasets, including the main physical characteristics of the study area
(e.g., bathymetry) and possible local variations over time of environmental parameters
influencing benthic communities (e.g., temperature, salinity, oxygen, etc. [57,63]).

F. quadrangularis is a significant habitat-forming species that helps create three-
dimensional bathyal environments, improves ecological functionality, and provides es-
sential habitat for fish and invertebrates [30,77,86,87]. Therefore, the assessment of its
persistence can offer important information for the correct management of the study area;
in fact, the possibility of geographically locating the most persistent patches, associated with
the measurement of density, can indicate which are the zones most in need of protection.

The use of non-invasive methodologies such as ROVs or UWNTV for the collection
of information on benthic indicator species is well established and, for the evaluation of
the long-term effects of the management measures in place in the study area, it would be
desirable to maintain the UWTYV time series in the future, or at least repeat video surveys
from time to time [26,36,56].

5. Conclusions

The Adriatic Sea geographic range of F. quadrangularis has been improved by this
work, which also supports the mapping of VMEs and EFHs. This study demonstrates that
effective management measures can have a positive influence on epibenthic communities
and highlights the potential of sea pens as indicators of impact on and/or recovery of
exploited habitats. These findings might be used in the planning and monitoring of
sensitive marine areas. Furthermore, these results could also be used in the context of the
Blue Economy, allowing for the exploitation of the benefits offered to commercial fishing
due to the maintenance of intact benthic habitats. However, more studies, using video
surveys, are required to assess the long-term effects of the management strategies applied
in the Pomo/Jabuka Pits area on the sea pen community. It would be relevant to include,
in future, analyses of the abundance and distribution of commercially and ecologically
important species, and more variables, such as environmental parameters or VMS and AIS
data for authorized fleets operating in zones “B”, “C”, and surrounding areas, which are
also useful to monitor the displacement of fishing efforts.
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Abstract: The Landing Obligation (LO), introduced in 2015 by the Common Fisheries Policy of the
European Union (EU-CFP), has been subject to a transitional period until recently. The rationale
behind the measure is that all fish species subject to a total allowable catch (TAC) must be landed to
increase the sustainability of fishing activities. Through the analysis of official statistical data, it is
possible to find out which species of fish were landed and their relative importance, including their
monetary value, and verify the potential for consumer acceptance. Some insights are drawn from the
interconnection between these three factors (i.e., social acceptability, landings of main fish species,
and their market value) with empirical results and the scientific literature using data from Portugal.

Keywords: circular economy; discards; marine fish species; non-edible; waste

Key Contribution: The purpose of this study is to analyze the literature in search of potential
processing options for fish (or their parts) lacking a clear market, providing them a justifiable use
while reducing waste of resources that are already under some pressure to run out. The approach’s
primary objective is to make a relationship with the species caught and relate to the potential outlet
according to the landings market.

1. Introduction

Although progress has been made, there is a huge difficulty in managing fishing re-
sources in a sustainable way. There are many species that have suffered immense pressure
from overfishing and, as a result, became overexploited [1,2]. It is somehow consensual
among the scientific community that, in general, the world’s fisheries have already reached
their exploitable limit regarding commercial species and are currently in a phase of stagna-
tion [3-5]. Many such fishable resources—i.e., several commercial species—are subject to
various pressures [6,7]. Likewise, with the sustainability issues of renewable resources, it
has been important to consider and incorporate not only mitigating measures of certain
less correct fishing practices, but also to introduce the concept of circularity within a blue
economy scope. To this end, sustainability approaches are posing particular emphasis on
the aspect of avoiding discards, as well as taking advantage of species and parts of the
fish/specimens that are underused or even unused [8-10].

In the European Union, landings are mandatory for species subject to quotas [11-13].
This legislation—i.e., Regulation (EU) No 1380/2013, where all species subject to catch
limits must be landed—has been gradually put into practice since 1 January 2019 [14,15].
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Nevertheless, this type of public policy positioning is not only difficult to implement, but
has also generated some controversy [16-18]. Upstream of the problem, there are issues of
various order, such as landing through unofficial channels of less desirable or undersized
species. Downstream, there is the issue of post-landing storage, especially when there are
no immediate buyers or other outlets for the landed species [19].

The blue economy is an expression that relates to the exploration, preservation, and
regeneration of the marine environment. In the particular case of marine fish landed in
Portugal, it is important to know the quantities caught in order to be able to assess the
status of fish stocks and their potential sustainability or vulnerability over time [20].

Illegal, unreported, and unregulated (IUU) fishing has been identified all over the
world. IUU is thought to occur in many fisheries and may amount to as much as 30% of
total catches in certain fisheries [21]. In Portugal, there are some estimates of unreported
fishing—i.e., fishing that has not been declared or that has been incorrectly reported—to
national authorities. It is a recurrent practice and difficult to enforce the applicable law and
regulations [22].

In the reported landings of the Portuguese fleet that occur along the coast, there are about
40 main species that have commercial value and consequently good marketability, while
over 100 species are captured as by-catch [23-26]. Some of the by-catch species—i.e., with
no apparent market—do not have any destination, because it is not known how to value
them [27]. This finding is easily corroborated by studies that are conducted in the field
of fisheries research [28,29]. Recent time series [30] show that the marine fish species that
have the best commercial value in the wholesale market are about a dozen (sold for more
than 10 EUR/kg), while, in the tail, there are some species whose average value of market
is normally low (less than 1 EUR/kg).

The general aim of this work is to point out solutions to greater sustainability in
responsible production and consumption of marine fish. In order to address the above,
this work is divided into three additional parts. First, we frame what is perceived as social
acceptability of seafood (with a focus on marine fish). Second, based on what is effectively
and officially reported in terms of landings, we draw up a list of marine fish species that
are landed by the commercial fleet in Portugal and categorize if they are subjected to quota.
Third, we estimate the wholesale market value per unit of weight for each of those species.

2. Materials and Methods
2.1. General Background and Hypothesis

In a very general way, markets are the result of the balance that exists between
demand—for certain goods and services—and their supply [31]. In a free market, but
regulated and well established in time, the transactions of goods and services have a certain
value depending on the needs of consumers and the possibility of satisfying them, being
subject to rules of competition and scarcity [32]. Herein, it is assumed that the wholesale
fishery market behaves in this way.

In the present case study;, it is hypothesized that the potential acceptability that con-
sumers of marine fish have are dependent on what is landed in Portuguese wholesalers
and the average value at auction that each of the landed species has. For this, we developed
a conceptual framework to be able to integrate the main factors and their interaction.

2.2. Conceptual Framework

The literature search suggests that, in general, the concept of social acceptability is
usually more focused towards paradigmatic changes. In that scope, social acceptability
has been related to forest conditions [33], renewable energy [34-36], marine protected
areas [37-39], and others. In terms of marine-related themes, there are studies on social
acceptability of aquaculture developments and their food products [40,41].

The present conceptual framework was developed in an original way, given the data
available and what was hypothesized to be analyzed. Herein, one approach was adopted
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that focuses on the importance of establishing a conceptual framework to integrate three
factors (Figure 1).

Quantity

Incentive

Figure 1. Conceptual framework for the analysis approach carried out in this work.

The framework involves three factors. The starting factor in the present study consists
of the social acceptability linked to the consumers of fish/seafood. In turn, this factor
should be integrated into a system linked to another factor consisting of the abundance of
marine fish species (estimated) from official landings. The final factor consists of the average
market value of landed species, according to the quantity supplied and the acceptability,
that is, admitting that the value of the distinct species is a function of several factors
(e.g., scarcity, freshness, and perceived taste). We assumed that there is an interconnection
between the three main factors mentioned: social acceptability, landings of marine fish
species, and the value of the species in the wholesale market.

From the social acceptability factor as a starting point, it can be assumed that con-
sumers are aware of their own consumption habits [42]. The latter may depend on well-
established norms, whether cultural, religious, health, and/or nutritional value of fish
species [43]. The productive sector—which, in this case, is the fishing industry—supplies
the catches according to what the social acceptability of all potential consumers suggests, de-
pending on the marine resources available, and the legal, technical, or other constraints [44].

These attitudes and preferences of consumers regarding fish are determined by tastes,
nutritional aspects, and the quality and freshness of the product [45-47]. The demand for
fish products is also very dependent on regulations, as households will avoid consuming
endangered species or those which have limitations in terms of size or weight or which
come from protected areas or polluted sites or that may eventually cause any health hazard
in any way [48,49].

To some extent, consumers’ demand determines the landing prices (i.e., at 1st auction,
in the fish wholesale market) that are adjusted over time. Market prices reciprocally exert
some effect on consumers’ choices [50]. Demanding consumers or those with greater
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purchasing power can pay more for species that reach a higher market value. Species with
lower market value are purchased by less demanding consumers or those less willing to
pay for fish [51,52].

In general, the value that species reach in the wholesale market depends on the
historical record of that species and the quantity available [53]. If a species usually sold
on the market occasionally appears in great abundance and has little demand, the market
value will inevitably drop considerably. In contrast, if a species has a substantial market
demand but there is a shortage to supply it, there will be an incentive for the fishing fleet to
catch that species to satisfy the demand, but with the inevitable increase in costs that will
be reflected in the final product [54].

2.3. Acceptability of Marine Fish

When people make choices about fish species in general, several acceptability determi-
nants can be considered (Table 1). Olsen [55] established three main determinants: attitudes
and preferences, norms, and control or barriers. In the present work, we will use Olsen’s
terminology but with some adaptations to the Portuguese case study.

Table 1. Conditions affecting marine fish acceptability in the Portuguese case. Source: adapted from
Olsen [55].

Acceptability
Attitudes and Preferences Norms Control/Barriers
- Taste . - Social expectations - Price/cost
- Negative effect L . S
P - Moral obligations - Convenience/availability
- Nutrition - Health involvement - Knowledge
- Quality/freshness &

Motivation to consume and/or buy

Propensity to consume (behavior)

The first determinant highlights the possibility that people’s decisions to eat fish can be
made solely on how the species tastes. In contrast, people also react negatively to attributes
of a certain species that are not appealing for consumption. There is also the nutritional
aspect, where factors such as the quantity and quality of the fats (namely fatty acids) and
proteins consumed should be considered, for instance, for health reasons. The quality of
the fish that is available for consumption, including its freshness and general appearance,
is another factor.

The second determinant refers to the norms that can be found in societies. As well as
social expectations about what people expect from the appearance of the fish, the texture,
the edible parts, the source of production (wild caught fish or farmed fish from aquacul-
ture), there are also moral obligations regarding aspects of fishing or production, such as
ethically responsible sourcing of fish, sustainable capture, avoiding suffering of organisms.
Consumers also want to know whether the waters and surrounding environment where
the fish was caught are places that have a Good Environmental Status of conservation (GES)
or simply free of pollution.

Finally, the third determinant is related to the control or barrier conditions. When
there is a high demand for a certain species (of marine fish) and a finite supply, the market
price is solely determined by the industry’s capacity to produce and supply that species.
Demand can be a motivator to produce or catch more of that species even when there
are technological or legal restrictions or when production costs are high. As a result, the
availability of species is influenced by their abundance in natural environments and by how
easily the business can meet consumer demand. Imports are used when local production
is unable to meet demand. Scientific or empirical knowledge can also be important in
influencing the acceptability of consumption of some species at a given time.

140



Fishes 2023, 8, 324

To codify acceptability, we used a simple traffic light code, where green is usually
positive, orange is neutral, and red is commonly negative.

2.4. Reported Official Landings of Marine Fish

Based on official data from the Portuguese National Institute of Statistics (INE) [30], a
list of the species landed at fish auctions in Portugal (including mainland and archipelagos
of Azores and Madeira) for the year 2021 was compiled. The classification of the species
listed was made in descending order of the quantity landed.

It is also important to point out which species are subject to quotas. These are dis-
tributed from agreements made in Brussels with other countries within the EU [56,57].

2.5. Market Value

As not all species landed have the same commercial interest, it was necessary to
classify them according to their average value at the 1st auction market [58-60]. To this
end, a simple method was used, which consisted of dividing the total value in EUR of each
species by its total quantity landed, thus obtaining an average value of EUR per kilogram.
This listing was subsequently classified into five wholesale market value categories (i.e., up
to EUR 0.99, EUR 1 to EUR 1.99, EUR 2 to EUR 4.99, EUR 5 to EUR 9.99, and over EUR 10)
empirically from the most valuable to the lowest set of fish species.

3. Results
3.1. Marine Fish Acceptability

Table 2 presents the results of applying a method derived from Olsen [55], which
adopted a simple traffic light categorization, to the 42 landed species in terms of reasons
affecting acceptability.

Table 2. Empirical classification of fish species by level of commercial acceptability. For acceptability,
we used a traffic light code, where green is usually positive, orange is neutral, and red is commonly
negative. Sources: nutrition (% protein: >15 g/100), social acceptability (% edible part: >60%), and
moral obligations (gear used: line/hook) are based on [61], whereas health involvement (mercury:
<0.5 mg/kg) is based on [62]; all other scores are based on authors” own scoring and adapted from
acceptability defined by Olsen [55].

Acceptability
Attitudes/Preferences Norms Control/Barriers
7)) » =1 >
. . . s &
Marine Fish Species g g ] _ g - & =2 E = >3
2 = S = -} < 2 S 5 = E ‘5 7}
5] = =1 - =" — o o =) —
@ < I = g8 5] © 2 > <
< o0 = 7] o9 &n o @ ot 2
= LS| E 3 » 9 > e 3 & e
2%z & % "z fg E E ¢
@ o K < ~
Wreckfish (Polyprion americanus) [61] [61]
Alfonsino (Beryx decadactylus) [61] [61] [61]
Red mullets(Mullus spp.)
Turbot(Psetta maxima)
Red seabream (Pagrus major) [61] [61] [61]

John Dory (Zeus faber)

Brill (Scophthalmus rhombus)

Snappers (Pagrus pagrus)

1] WE G

-

Gilt-head seabream (Sparus aurata) [61] [61] [61] [62]
Sea bass (Dicentrarchus labrax) 61 - 61
Flounders (Microchirus spp.) 61 [61] 61
Meagres (Argyrosomus spp.) 61 [61] 61
Grouper (Epinephelus marginatus)
Monkfish(Lophius piscatorius) [61] - [61] [62]
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Common pandora (Pagellus erythrinus)
Redfish (Sebastes spp.)
Axillary seabream (Pagellus acarne)

Whiting (Merlangius merlangus)

Flounders (Hippoglossus spp.)

Whiteseabream (Diplodus spp.)

Forkbeard (Phycis phycis)

Scabbardfish (Lepidopus caudatus)

Dogfish (Squaliformes)

Hake (Merluccius merluccius)

Blacksword fish (Aphanopus carbo)

Scaldfishes (Arnoglossus imperialis)

Conger (Conger spp.)

Atlantic pomfret(Brama brama)
Skates (Raja spp.)
Tuna and similar (Thunnus spp. and other)

Gurnards(Triglidae)

Anchovy (Engraulis encrasicolus)

Pout (Trisopterus luscus)

Horse mackerel(Trachurus trachurus)

Atlantic mackerel (Scomber scombrus)

Mullets(Liza spp. and Mugil spp.)

Sardine (Sardina pilchardus)

Blue whiting (Micromesistius poutassou)

Black horse mackerel (Trachurus picturatus)

Toadfish (Sarpa salpa)

Mackerel (Scomber japonicus)
Bogue (Boops boops)
Other

3.2. Marine Fish Landings

More than 100 commercial species are landed in Portugal [24,26]. However, just over
40 are reported in the official statistics. Figure 2 shows the official statistics of marine
fish landed at auction for the year 2021 [30]. The species landed in greater quantity are
essentially (small) pelagic fishes. In Figure 2, the species that are subject to quotas are also
identified in a distinct color. Most of the larger and some of the smaller pelagic species
landed are subject to a quota, namely sardine, horse mackerel, anchovy, or tuna and similar.

3.3. Marine Fish Landings Value in the Wholesale Market

From the data available in landing statistics for the year 2021 [30], it was possible
to know the value (in EUR) by each species according to the quantity landed. Thus, we
defined the average value (EUR/kg) per species and five categories were empirically
defined depending on the average price obtained in the wholesale market (Figure 3).
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Figure 3. Marine fish wholesale market value (EUR/kg).

4. Discussion

Regarding the acceptability of fish landed in Portugal, there may be much variability.
Portugal, despite being a relatively small country, has a large level of consumption of fish,
being over 50 kg/per capita average for 2017-2019 [63], one of the countries that consume
the most fish in the world, only being surpassed by Japan, Iceland, and some island states
in the Pacific Ocean [64]. Nevertheless, there is a wide variation in fish consumption per
region; understandably, in coastal areas, there are generally numerous supply sources both
for residents and for tourists [65].

Moreover, in Portugal, the high consumption of fish is related to sociocultural rea-
sons [66]. Inland, fish consumption is much scarcer, only having some notoriety at festive
occasions, such as Christmas (cod and octopus) and summer (sardines) and popular or
saints’ festivities (Santos Populares) (particularly sardines). However, this study does not
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include the statistics for cod or octopus. Cod is almost entirely imported from Northern
European countries. Likewise, all marine species other than fish (the octopus is a cephalo-
pod mollusk) were also excluded. Sardines are an extremely popular fish only when they
are fat, that is, in the late spring/summer, which also defines the beginning of the fishing
season. Coincidentally, sardines are also the fish with the largest volume landed in Portugal.
Sardines, as well as some other small-sized pelagic species, are also consumed in canned
form [67]. Hence, perhaps the fact that they have lower market prices, as they are purchased
in massive quantities by the processing industry. Anchovy stands out in this field and, for
about two decades, mackerel has also been on the list of these species, with a significant
effort on the part of various entities to promote the species because it is very nutritionally
rich and because it has proven benefits to health [68].

There are also species, such as tuna, which are also highly demanded by consumers
but for different, sometimes opposing reasons. On one hand, due to the nutritional and
exquisite characteristics of tuna but generous size of these fish, they are consumed in terms
of fresh or frozen tuna steaks. On the other hand, tuna is processed in canning factories [66].

The fish that command the greatest prices on the market are typically intended for
the hospitality and tourism industry, where freshness is a crucial factor, particularly for
the tourism sector [69]. According to the data analysis, 11 species that were landed in
Portugal in 2021 have an average wholesale value of more than EUR 10 per kilogram (in
a descending order: wreckfish, alfonsino, red mullets, turbot, blackspot seabream, John
dory, brill, porgies, gilthead seabream, seabasses, and soles). Except for sea bass and sea
bream, which may be produced in aquaculture, these species are scarcer on the market,
which contributes to their high market value. They are also in high demand in the tourism
and hospitality sectors [70].

The species from landings that have a lower value, on the other hand, include species
that are substantially less acceptable to consumers [71] because they are sometimes asso-
ciated as living in polluted waters, e.g., mullets [72]; they are herbivores and consume
plants that accumulate substances that can be harmful and eventually transmit problems to
human health, e.g., salema or bogue, [73]; and some herbivorous fish also have the problem
of not having a pleasant taste if they are not eviscerated immediately after being caught [74].
Fish with lower market value are not always associated with their great abundance. There
are other conditions that influence this value, such as low demand from households, either
due to lack of knowledge or for other reasons of acceptability in relation to one aspect or
another that is associated as being negative (e.g., less pleasant taste and being captured in
places whose waters are of poor quality) [58].

Associated with all these catches there is also the question of the parts of the organisms
that are not consumed as human food. Usually these parts include scales, bones, spines,
eyes, viscera, and gonads. All the above-mentioned species are consumed fresh and whole,
but some of them are also processed to create other products, such as canned (e.g., all small
pelagic species, such as sardine, mackerel, and anchovy, and some large ones, such as tuna).
Some parts are also sometimes used in canned products (e.g., gonads of sardine, mackerel,
and hake). The current societal pressure in terms of sustainability, rejects products and
practices that generate damages to the environment, the stocks, the animals and produce
excessive waste, and supports the enhancement of inedible parts [75,76]. Therefore, it is
particularly important to consider in the future for better management of living marine
resources not only fish of lower value that is not consumed as food, but also to find ways
to value fish as much as possible in the sense of circularity of the economy [9,77].

5. Conclusions

The fish that is landed and traded at first auction or the wholesale market derives
from several factors related to the efficiency of the fishing fleet and its different gears for
catching fish (supply). Fishing activities are subject to a series of technical, legal, and
environmental constraints, which are reciprocally determined by demand on the part of
consumer acceptability. The value of fish is realized in the prices practiced in the wholesale
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market derived from a historical record that is continuously adjusted, considering the
balance between demand and supply of fresh fish.

It can be pointed out that there are some species in which there is interest in contin-
uing to study possibilities to value them (e.g., pouting, blue whiting, and mullets). This
valuation should be based on their relative abundance, that is, that they are not subject
to excessive pressure and that, biologically, they recover easily. In the same way, for the
consumer/household, awareness must be made in the sense of social acceptability for
consumption, showing, for example, the benefits for health and the Good Environmental
Status (GES) of the species. Examples in this sense are mackerel and Atlantic mackerel,
whose appreciation is recent in Portugal.

In order to circularize the blue economy, in the future, it is important to focus attention
on the following specific objectives:

—  Of the least valued species, scrutinize those with the most potential for household
consumption.

— Find ways of preservation where less energy is spent.

—  Enhance the parts of the fish that are not edible.
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Abstract: This study investigates the interplay between investment, training, and environmental
factors in the aquaculture industry in the Guangdong region of China. Using NIPALS regression
to address multicollinearity, we identify the factors that significantly impact losses of aquaculture
products due to environmental factors. Our findings highlight the importance of targeted training
and education for fisherfolks and extension staff to enhance environmental management practices
and reduce losses. We also emphasize the need to consider regional variability and challenges
in developing universal models. Based on our results, we propose using innovative technology,
fostering public—private partnerships, and adapting to regional variability to address environmental
challenges. Finally, we suggest establishing a comprehensive monitoring and evaluation system to
assess the effectiveness of interventions and promote evidence-based decision-making for sustainable
development in the region’s aquaculture sector.

Keywords: aquaculture economy; education for fisherfolk; nonlinear iterative partial least squares

Key Contribution: This article contributes to a better understanding of the complex relationships
between investment, training, and environmental factors in the aquaculture industry in the Guang-
dong region of China. The study identifies the key factors that influence losses of aquaculture
products due to environmental factors and proposes targeted interventions to promote sustainable
development in the region’s aquaculture sector.

1. Introduction

China is a major player in the global aquaculture industry and its seafood produc-
tion has grown significantly in recent years [1]. China’s sustained process of accelerated
economic growth and urbanization has brought tremendous opportunities as well as new
challenges to agriculture and rural society [2]. While China’s economic growth has brought
many benefits to the country, it has also led to a number of challenges that need to be
addressed in order to ensure the sustainable development of the agriculture and fishing
sectors. New concerns have emerged in various areas such as food safety and agricultural
surface pollution [3]. However, the country’s rapid economic growth and urbanization
have also brought challenges. Overfishing is a critical issue that must be addressed to
avoid negative impacts on marine ecosystems and biodiversity. In addition, there have
been concerns about the use of illegal, unregulated, and unreported (IUU) fishing practices,
which can lead to overfishing and undermine the sustainability of marine resources [4].

Science and technology (5&T) have become increasingly relevant for the management
and economic development of China’s marine resources, particularly in the aquaculture
industry [5]. The development of new technologies has allowed for a greater understanding
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of the oceans and their ecosystems, as well as more efficient and sustainable ways to harvest
marine resources. In recent decades, the development of technology has been proceeding at
a rapid pace, with science opening new possibilities and technology enabling a higher level
of human activity in the oceans [6]. For example, satellite technology to track and monitor
fishing vessels is now being used to prevent overfishing and ensure that fishing is carried
out in a sustainable manner [7]. Advances in aquaculture techniques have been a key area
of focus in S&T, as they have the potential to improve the efficiency and sustainability
of seafood production [8]. Recirculating Aquaculture Systems (RAS) is an example of
such a technique, which is a closed-loop system that recycles water and uses advanced
filtration methods to maintain optimal water quality for the fish [9]. This reduces the need
for large amounts of water and can be performed in controlled environments, such as
indoors or on land, making it less dependent on natural conditions [10]. Another example
is Integrated Multi-Trophic Aquaculture (IMTA), a unique method of aquaculture that
involves cultivating different species of fish, shellfish, and seaweed together in a symbiotic
relationship. Unlike aquaponics, which typically only involves the cultivation of fish and
plants, IMTA also incorporates the cultivation of shellfish and seaweed, and the waste
produced by each species is used to sustain the others in a closed-loop system [11]. This
helps to reduce the environmental impact of aquaculture and can increase production
efficiency. Selective breeding, fish vaccination, and bio floc technology are other examples
of advances in aquaculture techniques that have been developed in recent years and have
the potential to improve the efficiency and sustainability of seafood production [12].

In December 2021, the Ministry of Agriculture released the 14th Five-Year Plan for
Fishery Science and Technology Development, which proposes to further improve the
level of aquaculture science and technology by 2035, with the contribution rate of scientific
and technological progress in aquaculture reaching up to 67%. The national aquaculture
germplasm resources protection and utilization system will be initially established, a num-
ber of new aquatic species will be cultivated, and the self-sufficiency rate of core seed
sources would reach 80%. The mechanization rate of aquaculture has reached more than
50%. This has included support for technology development and innovation, as well as the
establishment of research centres and institutes to study various aspects of these industries.
The government has also implemented a number of policies and measures to promote the
development of the fishery and aquaculture sectors, including tax incentives, financial
subsidies, and other forms of support [13]. These efforts have helped to drive the growth
of these industries in recent years and have contributed to the modernization and upgrad-
ing of the industry as a whole. Overall, the incorporation of the fishery and aquaculture
industries into China’s national development strategy reflects the importance of these
sectors to the country’s economy and food security; it also underscores the government’s
commitment to supporting their growth and development. The status of S&T investments
in aquaculture directly affects the development of China’s aquaculture industry, aquatic
environmental management, and extreme environmental prevention. Meanwhile education
and training improve the skills and productivity of farmers and fisherfolk; this is a point
that cannot be overlooked, as the education and training of fisherfolk also plays a very
important part in S&T [14].

Agricultural S&T investments is an important contributor to productivity growth
and is a fundamental factor for sustained economic growth. It is well-established that
investments in science and technology (S&T) can have a significant impact on the agricul-
tural sector and the overall economy [15]. Therefore, it is extremely important to analyse
whether the S&T of Chinese aquaculture in the past 10 years has contributed to the im-
provement of the aquaculture products production environment. S&T investments can
help to increase agricultural productivity and efficiency, leading to higher crop yields and
livestock production [16]. In turn, S&T investments can help to improve food security,
reduce poverty, and contribute to economic growth [15]. Through the direct effect of agri-
cultural S&T investments on the agricultural economy or socioeconomic growth, it has been
discovered that agricultural S&T investments have a strong impact on food production,
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with a stronger positive interaction response and a more significant and stable response in
the long run [16-20]. Deng’s research [17] found that although China’s agricultural S&T
investments have become a decisive influencing factor of agricultural economic growth,
there are still problems such as insulfficient scale and intensity, unbalanced regional inputs,
unreasonable resource allocation, and inefficient utilization remain [17]. Additionally, from
the analysis of the relationship between China’s agricultural S&T investments and effects,
Song’s study showed that the value added of agricultural products and government inputs
are inextricably connected [18]. These studies are sufficient to prove that S&T investments
are important for the sustained growth of China’s economy. Nordhaus’ study also found
interactions between marine economic systems, marine environmental systems, and carbon
cycle systems; furthermore, S&T investments have been detected to mitigate the impact of
economic activities on the marine environment [19]. Holdren's study demonstrates that
technological progress has also been demonstrated to increase productivity and reduce
marine resource consumption and environmental impacts [20]. An important point in pro-
moting aquaculture S&T investments is to transmit effective information and knowledge
about scientific farming to the fisherfolk. There are many scholars who have demonstrated
that increased education and training of farmers can be effective in increasing the pro-
ductivity of agricultural products [21-23]. Kirtti analysed the impact of education on
agricultural productivity in India and found that education and agricultural productivity
have a direct impact [21]. Sharada analysed the effects of education on farmer productivity
in rural Ethiopia, showing that there may be considerable opportunities to exploit the
externalities of schooling to increase agricultural productivity if school enrolment increases
in rural areas [22]. Abdulai’s study’s analysis of data from a survey of 342 rice farmers in
northern Ghana showed that farmers’ education can significantly increase rice yields and
net returns [23].

China is a vast country with diverse regional characteristics, and studying a particular
region can provide unique insights into the relationship between aquaculture investments,
training, and environmental factors [3]. In this study, we focus on the Guangdong region,
which is a significant producer of both freshwater and marine aquaculture products [24].
Guangdong’s aquaculture industry is known for its advanced and diverse techniques, mak-
ing it an interesting case study for exploring the relationship between investments, training,
education, and environmental factors [25]. Moreover, Guangdong’s coastal location and its
proximity to major urban centres, such as Guangzhou and Shenzhen, make it an ideal case
study for examining the impact of S&T investments on the aquaculture sector [26]. In the
past decade, China has made significant S&T investments in the agricultural sector, and it is
important to analyse whether these investments have contributed to improving aquaculture
production and environmental management in the Guangdong region [5]. Previous studies
have shown that S&T investments can increase agricultural productivity [27-29], improve
food security, reduce poverty, and contribute to economic growth. However, challenges
such as insufficient scale and intensity, unbalanced regional inputs, unreasonable resource
allocation, and inefficient utilization remain in the agricultural sector [30]. Therefore, it is
critical to examine how S&T investments have affected the aquaculture industry in the
Guangdong region and explore the factors that may influence the effectiveness of such
investments. In addition to S&T investments, education and training of fisherfolk are also
important factors that can enhance aquaculture productivity and reduce losses caused by
environmental factors. Previous studies have shown that increased education and training
of farmers can be effective in increasing the productivity of agricultural products [21-23].
Therefore, in this study, we will investigate how education and training programs for fish-
erfolk, and extension staff may contribute to improved aquaculture practices and reduced
losses caused by environmental factors in the Guangdong region. Overall, this study aims
to provide an alternative perspective on the relationship between aquaculture investments,
training, and environmental factors in the Guangdong region, and to offer insights into the
factors that may influence the effectiveness of S&T investments and education and training
programs in the aquaculture sector.
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The hypotheses presented in this study were developed based on a review of the
existing literature on aquaculture investments, training, education, and environmental
factors. In particular, we drew on studies that have investigated the relationship between
these variables in various contexts.

To adapt these findings to the Guangdong context, we conducted a thorough review of
the available data on aquaculture production, environmental conditions, and education and
training programs in Guangdong. Through this process, we identified two key hypotheses
that we believe are relevant to understanding the relationship between aquaculture invest-
ments, training, education, and environmental factors in Guangdong. These hypotheses
suggest that increased investments in staff funds and operating funds, enhanced training
and education programs, and regional factors such as government policies and resource
allocation are all important determinants of environmental management and losses due to
environmental factors in Guangdong’s aquaculture industry.

Hypothesis 1 (H1). Increased investments in staff funds (SF) and operating funds (OF) in the
Guangdong region’s aquaculture sector will lead to better environmental management practices,
resulting in a reduction of losses caused by environmental factors. This hypothesis assumes that
increased financial support for the aquaculture industry will result in better environmental man-
agement practices, leading to reduced losses due to environmental factors. The focus will be on
understanding how investments in staff funds and operating funds can be used to improve environ-
mental management practices and the potential benefits that these investments can bring to industry
in Guangdong.

Hypothesis 2 (H2). Enhanced training and education of fisherfolks and extension staff in the
Guangdong region will lead to improved aquaculture practices, resulting in a decrease in losses
caused by environmental factors. This hypothesis assumes that improved training and education
of fisherfolks and extension staff will result in better aquaculture practices, leading to a reduction
of losses due to environmental factors. The focus will be on identifying the most effective training
and education methods for fisherfolks and extension staff in Guangdong and examining how these
methods can be used to improve aquaculture practices.

Overall, these hypotheses aim to explore the relationship between investments, train-
ing, and environmental factors in the aquaculture industry of the Guangdong region.
By examining these relationships, the study aims to provide insights into how these fac-
tors can be leveraged to improve environmental management practices and reduce losses
caused by environmental factors.

2. Materials and Methods
2.1. Introduction of the NIPALS Algorithm

The NIPALS (Nonlinear Iterative Partial Least Squares) algorithm is a multivariate
statistical technique used to build predictive models. It is similar to principal component
regression (PCR) and multiple linear regression (MLR) [31], but it can handle multicollinear-
ity, nonlinear relationships, and high dimensional data better than these other methods.
The NIPALS (Nonlinear Iterative Partial Least Squares) algorithm commences with a leave-
one-out validation method to select the factor with the least mean predicted sum of squares
of residuals (PRESS). This method is based on the van der Voet test (T2), a randomization
test that compares the residuals of the predicted series with different models and selects the
number of factors with the lowest residuals that are not significantly larger than the residu-
als of the model with the minimum PRESS [32]. Compared to other decompositions of the
covariance technique, this multivariate analysis method was used because of its numerical
accuracy in terms of results and predictions. It is often used in a variety of fields, including
chemistry, engineering, and economics, to build predictive models and understand the
underlying relationships between variables [33,34]. During model estimation, both the
original data variables [X (predictor variable) and Y (response)] are preprocessed with
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zero mean and standard deviation of 1 (hence, scale and cantered). This transformation
addresses potential problems with unit roots among the variables.

2.2. Data Set and Variables

The study employs time series variables from China Fisheries Statistical Yearbook
2012-2022 [35], which covers the period 2011-2021. This paper covers only the Guangdong
region. The red area in Figure 1 shows the geographical location of the Guangzhou region
in China, similar to the study area of this study. The variables include loss of aquaculture
products by environmental factors, funds for staff engaged in aquaculture, operating funds
related to aquaculture, technical training for fisherfolk, operational training for aquaculture
science and technology extension staff, practitioners in aquaculture research institutions,
and aquaculture financial allocation. Table 1 contains information on how the variables
are measured.
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Figure 1. Location of the Guangdong region in China. (The map of China was generated by the
standard map online service; URL link: http://bzdt.ch.mnr.gov.cn (accessed on 21 April 2023)).

Table 1. Variable definition.

Indicator Name Indicator Code Unit
Loss of aquacul’n.lre products by enyironmental ALGD Tons
factors in Guangdong region
Funds for staff engaged in aquaculture in Guangdong region SFGD Million yuan
Operating funds related to aquaculture in Guangdong region OFGD Million yuan
Technical training for fisherfolk in Guangdong region TFGD People per training session
Operational trai.ning for fiquatic science anc} technology TPGD People per training session
extension staff in Guangdong region
Practitioners in aquaculture research institutions in Guangdong region FOEGD Population
Aquaculture financial allocation in Guangdong region FAGD Million yuan

Source: China Fisheries Statistical Yearbook 2012 to China Fisheries Statistical Yearbook 2022.

In ALGD (loss of aquaculture products by environmental factors in the Guangdong
region), environmental factors include loss of aquaculture products affected by typhoons
and flooding, loss of aquaculture products affected by diseases, loss of aquaculture prod-
ucts affected by droughts, loss of aquaculture products affected by pollution, and loss
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of aquaculture products affected by environmental factors other than typhoons, floods,
disease, drought, and pollution. Due to limitations in data acquisition, the study only
covers aquaculture and fisherfolk engaged in aquaculture production in the Guangdong
region. All the statistical analysis in this study was performed using SAS JMP Pro16 soft-
ware (SAS Institute Inc., Cary, NC, USA). This software was used for data exploration,
visualization, and statistical analysis.

2.3. Analysis of Data

This study models the loss of aquaculture products by environmental factors as a
function of fund for staff engaged in aquaculture, operating funds related to aquaculture,
technical training for fisherfolk, operational training for aquaculture science and technology
extension staff, and practitioners in aquaculture research institutions aquaculture financial
allocation. Mathematically, this is depicted in Equation (1).

ALGD; = By + B1SFGD; + B2OFGD; + B3TFGD; + B4 TPGD; + BsFOEGD; + B¢FAGD; + ¢; (1)

where B represents the constant, 1, ..., Bs denote the coefficients of the independent
variables in year t, and ¢ designates the error term.

The model in this study is based on Song’s model [18]. In Song’s model, the number
of agricultural research staff, operating funds related to agriculture, and funds for staff
engaged in agriculture were included. We made improvements based on this model,
and in this study, funds for staff engaged in aquaculture and operating funds related to
aquaculture were retained. We also added variables for educational orientation, such
as technical training for fisherfolk and operational training for aquaculture science and
technology extension staff and practitioners in aquaculture research institutions. SFGD
(funds for staff engaged in aquaculture in the Guangdong region), OFGD (operating
funds related to aquaculture in the Guangdong region), and FAGD (aquaculture financial
allocation in the Guangdong region) are the investment components of aquaculture S&T,
because the S&T investment is one of the important indicators reflecting the aquaculture
S&T section, and sufficient funding is also an important source to bring into play in
the dynamics of research. The role of aquaculture researchers is not simply to conduct
scientific research, as scientific research necessarily confronts the further deepening of
economic reform, an increasing number of researchers are simultaneously engaged in the
promotion of scientific and technological achievements and technologies, which require
a large amount of funds to support, through the three types of investments chosen, the
verification of Hypothesis (H1) of the study. Subsequently, TEGD (Technical training for
fisherfolk in the Guangdong region), TPGD (Operational training for aquaculture science
and technology extension staff in the Guangdong region), and FOEGD (Practitioners in
aquaculture in the Guangdong region) were selected as the educational component of the
study of aquaculture S&T to validate Hypothesis (H2). In contrast to the current empirical
literature, this study performed an initial statistical test about the relevance of each regressor
before proceeding to the final model estimation. Through this approach, the present study
provides an explicit way to handle the problem of multicollinearity.

Table 2 shows the OLS estimates of the loss of aquaculture products by environmen-
tal factors. It shows a multiple regression model to explore the relationship between six
predictor variables (SFGD, OFGD, TFGD, TPGD, ALGD, and FOEGD) and a single de-
pendent variable (ALGD). Although the F-test for the model was statistically significant
(Prob > F = 0.0054 *), further analysis of the t-values and associated p-values revealed that
SFGD, OFGD, TFGD, and FOEGD did not have statistically significant effects on the depen-
dent variable. However, we found that TPGD and ALGD had statistically significant effects
on the dependent variable, with a one-unit increase in TPGD associated with an increase of
11.144931 and a one-unit increase in ALGD associated with an increase of 0.1373072 in the
dependent variable, holding all other predictors constant.
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Table 2. Results of the linear regression model.

Term Estimate Std Error t Ratio Prob > |tl VIF
Intercept —106,003.9 196,623.7 —0.54 0.6272 .
SFGD 2.0828588 3.678749 0.57 0.6109 111.56817
OFGD 0.4803825 7.807627 0.06 0.9548 109.70116
TFGD 0.307097 0.402901 0.76 0.5014 9.447883
TPGD 11.144931 9.022349 1.24 0.3047 2.8802129
ALGD 0.1373072 0.015592 8.81 0.0031 * 4.7373421
FOEGD —5.512824 82.71853 —0.07 0.9511 31.341263
Source DF Sum of Squares Mean Square F Ratio
Model 6 1.9014 x 1014 3.1689 x 103 424,229
Error 3 224,096,307 74,698,769 Prob > F
C. Total 9 1.9238 x 1014 0.0054 *

Source: Authors” own calculations based on data from China Fisheries Statistical Yearbook 2012 to China Fisheries
Statistical Yearbook 2022.c. Note: * indicates that the results are statistically significant at a significance level
of 0.05.

The presence of multicollinearity, as indicated by high VIF values (rule of thumb:
VIF < 10), can impact the interpretation of individual coefficients in the model. Therefore,
we addressed the multicollinearity issue by using NIPALS regression, which is designed
to handle issues related to variables with strong covariance and non-1st-order integration.
Our aim was to reduce the impact of multicollinearity and identify the most important
predictor variables driving the relationship with the dependent variable.

While we believe that NIPALS regression is a suitable alternative to OLS in this con-
text, it is important to note that it may not always be the best approach for addressing
multicollinearity. We carefully considered the nature of our data and the goals of our
analysis before selecting PLS regression as our method for addressing multicollinearity.
Our findings provide valuable insights into the effects of TPGD and ALGD on the depen-
dent variable and highlight the importance of addressing multicollinearity in regression
analysis. Further research in this area can lead to a better understanding of the underlying
relationships between the predictor variables and the dependent variable.

Figure 2 shows that the minimum root mean PRESS is 0.53051 and the minimizing
number of factors is 1. After confirming the number of optimal factors, the study proceeded
to examine the variable importance of projection (VIP) to select the variables that were
important (VIP > 0.8).

Bar Color
- Number of factors

Root Mean PRESS

-1 0 1 2 3 4 5 6 7
Number of factors

Figure 2. Factors of the NIPALS model. Source: Author’s computation.
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Figure 3 shows that most of the variables were important in explaining the loss of
aquaculture products by environmental factors in China. According to the classification
of Eriksson, Johansson [36], this study classified the important variables as “Highly influ-
ential” (VIP > 1), “Moderately influential” (0.8 < VIP < 1) and “Slightly influential” (VIP
< 0.8). Table 3 shows that SFGD (funds for staff engaged in aquaculture in the Guang-
dong region), OFGD (operating funds related to aquaculture in the Guangdong region),
TPGD (technical training for fisherfolk in the Guangdong region), and TFGD (operational
training for aquatic science and technology extension staff in the Guangdong region) were
moderately influential, while FOEGD (practitioners in aquaculture research institutions
in the Guangdong region) was slightly influential in explaining the loss of aquaculture
products by environment factors. Finally, only FAGD (aquaculture financial allocation in
the Guangdong region) was highly influential.

Legend
1.5 I X Effects

VIP

0.5

8 8 8 8 8§ 8
5 & E E & £
X Effects

Figure 3. Variable Importance Plot. Source: Author’s computation.

Table 3. Classification of variable importance.

X VvIP Plot Classifications
SFGD 0.9119 1 | Moderately influential
OFGD 0.8344 l:]] ’ Moderately influential
TFGD 0.8450 l:]] ‘ Moderately influential
TPGD 0.9172 l:':] ’ Moderately influential

FOEGD 0.5347 I:] | ‘ Slightly influential
FAGD 1.6220 | i ] | Highly influential

Source: Author’s computation.

Subsequently, we investigated the drivers of the loss of aquaculture products due
to environmental factors. Table 4 shows the sensitivity analysis of the loss of aquacul-
ture products by environmental factors and their corresponding estimated coefficients.
Based on the coefficients of the PLS regression model, we could determine the relative
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impact of each predictor variable on the dependent variable (ALGD). The coefficients show
the direction and strength of the relationship between each predictor variable and the
dependent variable.

Table 4. NIPALS estimation results.

Coefficient ALGD
Intercept 0.0000 ’7.7.7.7.7|7 ‘7 i
SFGD —0.1793 I:l
OFGD —0.0195 I
TFGD 0.0872 D
TPGD —0.1866 ]
FOEGD —0.0478 1

FAGD 0.7650 [ 1

Source: Author’s computation.

SFGD: This variable has a negative coefficient, which suggests that an increase in
funds for staff engaged in aquaculture in the Guangdong region was associated with a
decrease in the loss of aquaculture products by environmental factors.

OFGD: This variable has a negative coefficient, which suggests that an increase in
operating funds related to aquaculture in the Guangdong region was associated with a
decrease in the loss of aquaculture products by environmental factors.

TFGD: This variable has a positive coefficient, which suggests that an increase in
operational training for aquatic science and technology extension staff in the Guangdong
region was associated with an increase in the loss of aquaculture products by environmen-
tal factors.

TPGD: This variable has a negative coefficient, which suggests that an increase in
technical training for fisherfolk in the Guangdong region was associated with a decrease in
the loss of aquaculture products by environmental factors.

FOEGD: This variable has a negative coefficient, which suggests that an increase in the
number of practitioners in aquaculture research institutions in the Guangdong region was
associated with a decrease in the loss of aquaculture products by environmental factors.

FAGD: This variable has a positive coefficient, which suggests that an increase in the
aquaculture financial allocation in the Guangdong region was associated with an increase
in the loss of aquaculture products by environmental factors.

It is important to keep in mind that the coefficients represent the relationship between
each predictor variable and the dependent variable after accounting for the effects of the
other variables in the model. So, for example, even though an increase in TFGD was
associated with an increase in the loss of aquaculture products, this relationship may be
different if we were to hold the other variables constant. Overall, the coefficients can
provide insight into the relative importance of each predictor variable in predicting the loss
of aquaculture products by environmental factors in the Guangdong region.

2.4. Justification

Applying the NIPALS algorithm is the best solution when there are more explanatory
variables than observations, highly correlated explanatory variables and responses, and
a large number of explanatory variables [37]. High-dimensional and nonlinearities are
very common in different variables of agricultural production [38,39]. Strong nonlinear
relationships may exist between different data sets, but when the nonlinearities are severe,
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they often behave unacceptably, and a feature of PLS is that the relationships between sets
of observed variables are modelled by latent variables that are not usually directly observed
and measured [40]. The NPLS model provides relatively stable modelling performance.
This is mainly because it provides a nonlinear regression between each pair of latent
variables while retaining the simple and linear external PLS framework [41].

NIPALS regression has also been widely used in agricultural practices. Samuel
et al. [42] applied NIPALS regression to examine the assessment of the impact of en-
ergy, agricultural, and socioeconomic indicators on CO2 emissions in Ghana. Samuel [43]
also used a similar approach to study the effects of energy, agriculture, macroeconomic,
and anthropogenic indicators on environmental pollution from 1971 to 2011, and the re-
gression demonstrated that increased economic growth in Ghana may lead to a decrease in
environmental pollution.

3. Results

From the coefficients of the aquaculture product loss model presented in Table 4,
we can conclude that an increase in funding (SFGD and OFGD) and training (TPGD and
TFGD) is associated with a decrease in the loss of aquaculture products (ALGD). This
means that allocating more funds for staff engaged in aquaculture, operating funds related
to aquaculture, and providing technical and operational training for fisherfolk and aquatic
science and technology extension staff can lead to a reduction in the loss of aquaculture
products in the Guangdong region. It is important to note that the coefficients only provide
an association, and other factors not included in the model may also impact the loss of
aquaculture products.

The present study investigated the relationship between investments, training, and
environmental factors in the aquaculture industry of the Guangdong region. To test the
hypotheses, a multiple regression model was employed to explore the relationship between
six predictor variables (SFGD, OFGD, TFGD, TPGD, ALGD, and FOEGD) and a single
dependent variable (loss of aquaculture products by environmental factors). The results
indicated that increased investments in staff funds (SFGD) and operating funds (OFGD)
were not statistically significant predictors of the dependent variable, failing to support
Hypothesis 1. On the other hand, enhanced training and education of fisherfolks and
extension staff (TFGD and TPGD) were found to be statistically significant predictors of the
dependent variable, supporting Hypothesis 2. The coefficients for TFGD and TPGD were
positive, indicating that an increase in these variables is associated with a decrease in the
loss of aquaculture products by environmental factors.

Moreover, the variance-inflated factor analysis showed evidence of multicollinearity
between the predictor variables, indicating that the application of ordinary least squares
(OLS) regression may produce biased results. To address this issue, partial least squares
(PLS) regression was used instead, which identified the underlying latent variables driving
the relationships between the predictor variables and the dependent variable, resulting in
more accurate and reliable results.

The findings suggest that enhancing training and education of fisherfolks and ex-
tension staff can be an effective approach to reducing losses caused by environmental
factors in the aquaculture industry of the Guangdong region. However, increased financial
support for the industry may not necessarily lead to better environmental management
practices and reduced losses, suggesting a need for more targeted investments and inter-
ventions. The study highlights the importance of addressing multicollinearity in regression
analysis and the potential benefits of using PLS regression to obtain more accurate and
interpretable results.

Overall, the study provides valuable insights into the relationships between invest-
ments, training, and environmental factors in the aquaculture industry in the Guangdong
region, which can inform the development of more effective policies and interventions to
promote sustainable development in the industry.
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Figure 4 shows the plot of fitted and actual values—Loss of aquaculture products—by
environmental factors. Based on the goodness-of-fit estimations, the model appears to have
a reasonable fit. The mean absolute percentage error (MAPE) was found to be 0.475 and
the root mean squared deviation (RMSD) was found to be 41.05%. These values suggest
that the model’s predictions are generally close to the actual values, with a small amount of
error. Furthermore, the model was able to explain approximately 96.51% of the variation in
the dependent variables, indicating a strong relationship between the predictor variables
and the dependent variable. Overall, these findings suggest that the model is a reliable
tool for predicting the loss of aquaculture products in the Guangdong region based on
environmental factors and can provide valuable insights for improving environmental
management practices in the aquaculture industry.

1,400,000
MAPE: 0.475

RMSD: 41.05%

Variation Explained : 96.51%
1,200,000

1,000,000
800,000
600,000
400,000

200,000

Loss of aquaculture products by environment factors (tons)

2012 2014 2016 2018 2020
YEAR

_— ALGD Pred ALGD

Figure 4. The plot of fitted and actual values—Loss of aquaculture products by environment factors.

4. Discussion

In this study, we delved deeper into the complex interplay between investment, train-
ing, and environmental factors in the Guangdong region’s aquaculture sector, which has
significant implications for policymakers and industry stakeholders. Our findings empha-
size that focusing on training and education for fisherfolks and extension staff is crucial
for significantly reducing losses caused by environmental factors. It is essential to under-
stand that simply allocating more funds might not be enough to enhance environmental
management practices or decrease losses in the aquaculture sector.

We also brought attention to the importance of addressing multicollinearity in re-
gression models. The NIPALS regression technique we employed effectively mitigated
the effects of multicollinearity, resulting in more precise and interpretable outcomes. This
method allowed us to gain a deeper understanding of the relationships between predictor
variables and the dependent variable, which, in turn, enabled us to identify the most
influential factors governing these relationships. However, it is crucial to recognize that
NIPALS regression may not always be the optimal method for addressing multicollinearity.
Researchers should carefully evaluate their data and research objectives before choosing
the most suitable technique.

Our model demonstrates a high goodness of fit (96.51%), indicating that the chosen
variables significantly explain the variation in aquaculture product losses due to envi-
ronmental factors. Nevertheless, it is vital to examine other external factors that might
contribute to these losses, such as weather conditions, disease outbreaks, or other variables
not considered in our model. This underscores the necessity for further investigation into
additional factors affecting aquaculture product losses caused by environmental factors,
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extending beyond the Guangdong region and encompassing other regions. Recognizing
the key factors linked to environmentally driven losses in aquaculture products enables
decision-makers to allocate resources more effectively and create targeted strategies for
enhancing environmental management practices, consequently reducing losses in the
aquaculture sector. Potential interventions could involve investing in the education of fish-
erfolk and extension staff, exploring innovative environmental management approaches,
employing technology and data-driven decision-making, and promoting public—private
partnerships. Our research emphasizes the significance of accounting for regional variabil-
ity and the challenges of developing universal hypotheses and models applicable to all
situations. Future studies should consider the distinct characteristics of various regions in
China and potentially adjust their methodology and analysis accordingly. This approach en-
sures that the developed interventions and policies are relevant and effective in addressing
each region’s unique aquaculture industry challenges.

We recognize that our study’s findings may not be directly applicable to other countries
and regions, given the considerable variation in aquaculture practices and environmental
factors. Future research should consider comparisons with other countries or regions, using
a new set of realistic data to explore the similarities and differences in aquaculture product
losses due to environmental factors. Comparing data from various countries or regions
would provide valuable insights into the global context of aquaculture product losses.

Based on our results, the Guangdong region faces several specific challenges in ad-
dressing the loss of aquaculture products due to environmental factors. These challenges
highlight the need for targeted interventions and policy measures to promote sustainable
development in the region’s aquaculture industry.

Training and education for fisherfolks and extension staff: Our findings emphasize the
importance of investing in training and education for fisherfolks and extension staff as a
key factor in reducing losses caused by environmental factors. Guangdong should develop
and implement targeted training programs focused on enhancing the knowledge and skills
of fisherfolks and extension staff in environmental management practices, sustainable
aquaculture techniques, and early warning systems for disease outbreaks and extreme
weather events.

Utilizing technology and data-driven decision-making: The results suggest that tra-
ditional investment in staff and operating funds may not be sufficient to address the
environmental challenges faced by the aquaculture industry in Guangdong. The region
needs to explore innovative approaches to environmental management, such as the adop-
tion of advanced technology like remote sensing, precision aquaculture, and water quality
monitoring systems [44,45].

Public-private partnerships: Fostering public—private partnerships can play a vital role
in addressing the environmental challenges faced by Guangdong’s aquaculture industry.
Collaborations between the government, private sector, and research institutions can
facilitate the sharing of resources, knowledge, and best practices, leading to more effective
and sustainable environmental management practices in the region [46].

Adaptation to regional variability: Guangdong’s diverse geography and environmen-
tal conditions require tailored solutions to address the specific challenges faced by different
areas within the region. Policymakers should take into account local environmental factors,
such as water quality, weather patterns, and disease prevalence, when designing and
implementing interventions to reduce losses in the aquaculture sector.

Comprehensive monitoring and evaluation: In order to assess the effectiveness of
interventions aimed at reducing losses of aquaculture products by environmental factors,
Guangdong should establish a comprehensive monitoring and evaluation system. This
system should track key performance indicators related to environmental management
practices, training outcomes, and aquaculture production, allowing for evidence-based
decision-making and continuous improvement.

In conclusion, addressing the specific challenges faced by Guangdong’s aquaculture
industry requires a multifaceted approach that combines targeted investments in training
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and education, the adoption of innovative technology, fostering public—private partnerships,
and the development of tailored solutions for regional variability. By taking these factors
into account, policymakers and industry stakeholders can work together to reduce losses
caused by environmental factors and promote sustainable development in the region’s
aquaculture sector.

5. Conclusions

Our research enhances the comprehension of the interplay between investments,
training, and environmental factors within Guangdong’s aquaculture sector. The results
highlight the significance of focused investments in fisherfolk and extension staff training
and education, and the necessity to address multicollinearity in regression models. Fur-
thermore, this study emphasizes the importance of considering regional differences and
acknowledging the challenges in creating universally applicable hypotheses and models.

There is a need for continued research to examine other factors that could influence
aquaculture product losses due to environmental factors, as well as to assess the applicabil-
ity of our findings across different regions and contexts.
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Abstract: Capture fisheries in developing countries provide significant animal protein and directly
supports the livelihoods of several communities. However, the misperception of biophysical dy-
namics owing to a lack of adequate scientific data has contributed to the suboptimal management in
marine capture fisheries. This is because yield and catch potentials are sensitive to the quality of catch
and effort data. Yet, studies on fisheries data collection practices in developing countries are hard
to find. This study investigates the data collection methods utilized by fisheries technical officers
within the four fishing regions of Ghana. We found that the officers employed data collection and
sampling procedures which were not consistent with the technical guidelines curated by FAO. For
example, 50 instead of 166 landing sites were sampled, while 290 instead of 372 canoes were sampled.
We argue that such sampling errors could result in the over-capitalization of capture fish stocks and

significant losses in resource rents.

Keywords: fisheries data quality; fisheries management; Ghana

1. Introduction

Millions of people around the world depend, directly or indirectly, on capture fisheries
for their food security, income, and livelihoods [1]. This dependence is particularly strong in
coastal communities in developing countries where the sector employs 97% of the 50 million
people who make up the world’s fishing workforce [2,3]. Ghana, as one of the developing
countries, is home to a wide variety of biodiversity, including small pelagic species such as
anchovies, sardinella, and chub mackerel and larger pelagic fish such as yellowfin, skipjack,
and big-eye tuna. There are also demersal fish such as grouper and snapper, and other
seafood such as shrimp and squids [4]. For sustenance and the eradication of poverty, a
majority of coastal dwellers are solely dependent on the exploitation of these fisheries, with
over 60% of the population relying on fish as their primary source of protein and about
10% of the population (2.6 million people out of a total population of 26 million) believed
to be directly or indirectly dependent on fish resources [5].

The Ghanaian marine fishing industry is divided into three primary sectors: small-
scale artisanal fishers, semi-industrial fisheries, and large industrial fisheries, with over
300 fish landing sites spread throughout its coasts [6]. The vessels used in Ghana’s marine
capture fishery include dugout canoes, canoes with outboard motors, trawlers, and large
steel-hulled foreign-built vessels. The dugout canoes and canoes fitted with outboard
motors are primarily utilized by artisanal fishers while trawlers and steel-hulled vessels are
used mainly in the semi-industrial and industrial marine fisheries [7]. There is currently
a total of 11,583 licensed marine artisanal canoes operating along the coast, 150 semi-
industrial vessels, and 84 licensed industrial trawlers in Ghana’s marine waters [8].
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Despite the importance of the fisheries sectors, according to various experts, fish stocks
have been declining rapidly due to the overcapacity of fleets, excessive fishing quotas,
illegal fishing practices, and the generally poor management of fisheries, which poses
existential threats to coastal communities [9]. This has necessitated the formulation and
refinement of existing management policies with the aim of limiting fishing efforts to
optimize the economic, social, and ecological sustainability of capture fisheries [10]. The
effectiveness of effort-limiting policies, however, depends on the availability and quality of
the relevant fisheries data used for decision-making [11].

National governments and international organizations have been working hard at
collecting fisheries data to inform sustainable and long-lasting management plans and
strategies [12]. However, this remains a daunting task due to the complex interactions
among species and marine ecosystems, and the wide distribution and migration of pelagic
stocks across national jurisdictions. These complexities of biophysical dynamics make
fisheries management difficult [13]. Nevertheless, management decisions must be made as
livelihoods and incomes depend on wise decisions made by the managers, and they can
only make wise decisions if they have sufficient knowledge of the ecosystem and fishery to
understand the causes of the current fisheries situation and predict how the resource and
fishery will change in response to management actions [14].

Accurate and consistent knowledge about how a fishery is doing, as well as what,
where, and how much of a species is being captured requires more precise data collection
and faster and more advanced reporting, processing, and analysis, as well as more efficient
mechanisms to disseminate the results to enable close to real-time analysis [15]. The
fisheries data collected is usually the manager’s major source of information, which is
essential in developing appropriate management tools to support the sustainable use of
the stock [16,17]. However, the data quality is low in many developing countries owing to
inadequate resources, including skills and funding.

Although the FAO Code of Conduct (Paragraph 6.4) has stated that the conservation
and management of fisheries must be based on the best scientific knowledge available
at any point in time. Unfortunately, many fisheries agencies lack sufficient data, making
attempts at managing fisheries difficult. For instance, the reconstruction of catches carried
out by [18,19] revealed that the catch and effort data compiled by FAO were deficient. As
noted by [20], the unavailability and suspicion of errors in catch data due to lack of skills
and resources in member countries have resulted in the complementation or replacement
of countries’ data with data from other sources. These omissions or errors in data collection
could lead to erroneous fisheries management policies, which in turn could result in
suboptimal extraction, losses in resource rents, and eventual collapse of capture fisheries.
It is therefore expedient to assess how catch and effort data are collected to better inform
management policies.

An analysis of the national fisheries data collection protocols in Ghana suggests that
the Fisheries Scientific Survey Division (FSSD) is mandated to conduct scientific research
and deploy surveys on marine environments and fisheries to inform the formulation and
management of policies aimed at the sustainable management of Ghana’s marine fisheries
resources. The FSSD is under the Fisheries Commission (FC), which was established in 1962
with technical assistance from the Food and Agriculture Organization (FAO). Due to limited
human and financial resources, the FSSD has not been able to provide adequate monitoring
of the data collection activities of the technical officers. Thus, any errors that occur on the
field are ignored. To the best of our knowledge, no study has been undertaken to investigate
whether the recommended sampling procedures are followed by the field enumerators.

2. Materials and Methods
2.1. Study Area

This study was carried out in the following twenty-nine fish landing sites out of thirty
representing the four coastal administrative regions in Ghana: Abutiakope, Lighthouse
(Volta), Gbegbeyise, Botianor, Agjivompanye, Odin-nyonma, Osu alata, Teshie, Ga mashie,
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Awudun (Greater Accra), Saltpond, Kromantse, Apam main, Elmina main, Elmina, Ayipey,
Abrofo mpoano, Mumford main, Enfano (Central Region), Dixcove, Sekondi, Fante line
(Axim), Akyinim, Ewe line, Fante line (Half Assini), Sharma Apo, Sekondi-Takoradi,
Akwadae, and Adjua (Western) (See Figure 1 for the geographical location of the landing
sites). These twenty-nine sites chosen for primary data collection were selected based on
the total number of enumerators in Ghana and where they are assigned along the coast.
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Figure 1. Map showing the twenty-nine landing beaches in Ghana.

2.2. Research Design

This study used a quantitative survey design to examine the types of data collected
and the methods associated with the data collection in Ghana. The data were gathered
between May and June 2022 at all 30 landing sites. A structured questionnaire was used for
data collection. Field assistants were trained on the administration of the questionnaire,
ethical standards, and COVID-19 safety protocols. The respondents included 29 Fisheries
Commission field enumerators and 1 Field Scientific Survey Division data manager. The
surveys were conducted in English and local languages, including Fante, Ga, Nzema, and
Twi. Each interview lasted between 40 to 60 min.

2.3. Research Instrument

The questionnaire used was made up of three sections. The first part of the question-
naire (Section A) consisted of an introductory statement and questions about the relevant
sociodemographic characteristics of respondents. Some of the variables included age, years
of experience in data collection, the number of landing sites, gender, fishing experience,
and level of education (basic education, secondary, and tertiary). The next two sections
highlighted the types of fisheries data gathered using the FAO data collection guidance as a
benchmark [21]. The data was classified as biological, ecological, economic, or social. A total
of 24 questions were developed through an extensive review of the literature [14,16,22,23].
For the evaluation of the data collection procedure, the questions comprised five categories.
These categories were based on the source of the data on fish production, the type of effort
data gathered, the type of capture data gathered, and the frequency of data collection.
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2.4. Data Analysis

Responses from interviews were coded using the IBM Statistical Package for Social
Scientists (SPSS) computer software version 20.0. (2012) and analyzed for trends in response
to research questions using Software for Statistical Analysis (STATA SE 15.0) (STATA Corp,
College Station, TX, USA) and Microsoft excel. To understand the distributions of all
relevant variables, descriptive statistics (frequencies and percentages) were generated.
The summaries of the results are presented in tables (Tables 1-3). To check for sampling
error, this study compared the capture fisheries data collection procedures in Ghana to
the recommended best practices (i.e., the FAO guidelines) along the entire coast of Ghana
using the FAO toolkit for small-scale fisheries routine data collection [22] and the FAO data
collection guidelines [21]. The sample size formula developed by [24] was used to estimate
the actual sample size for comparison with the number sampled.

Table 1. Catch data collection by Ghana'’s Fisheries Commission enumerators.

Variables Collect (%) Do Not Collect (%)
Biological data
Total fish landings by major species 66 34
Total fish landings by canoes 69 31
The total effort by canoes 86 14
Length and/or age composition of fish landings 21 79
Discards of fish species per canoe 0 100
Length and/or age composition of discards 0 100
Areas fished by each canoe 17 83
Ecological data
Total catches of bycatch species 17 83
Length and/or age composition of bycatch 3 97
Economic data
The average income per fishing unit 52 48
The cost of premix fuel 7 93
Price of fish landed per canoe 93 7

Social data
Crew size within each canoe 93 7

Table 2. Type and method of catch data collected by enumerators.

Variables Freq Percent
Type of catch data collected
Multi-species (all species) 15 51.72
Single-species (only one species) 10 34.48
Single-species and multi-species 4 13.79
Data collection method
By canoes 10 34.48
By gear 5 17.24
By species 10 34.48
By species and gear 4 13.79

To enhance visualization and appreciation of the study context, graphs are presented.
The landing sites and canoes sampled across the whole district were compared with the
landing sites and canoes that were required to be sampled. Summaries of the results are
presented in Figures 2-5. The chi-square test was then used to verify whether there was a
significant difference between the actual and the expected sampled landing beaches.
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Table 3. Type of effort data collected by enumerators in each district (v' = data collected; x = Data
not collected).

Number  Size of Type of
District of Fishing  Fishing
Canoes Gear Gear

Number Trip Size of
of Trips Duration Canoe

Keta
Ada East
Kpone Ketamanso
AMA
TMA
Ga South
Efutu Municipal
Gomoa West
Ahanta West
Abura-Asebu
Kwamankes
Cape Coast
Nzema East
Jomoro
Komenda-Edina-Equafo
Ledzokuku
Mfantseman
Sekondi-Takoradi
Shama
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Figure 2. Comparison between the observed sample size of the Fisheries Scientific Survey Division
(FSSD) and the expected sample size of landing beaches according to the districts in Ghana.
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Figure 5. Comparison between the observed sample size and the expected sample size of canoes
according to the coastal regions in Ghana.

3. Results

This section presents the data collection procedures of the FSSD and the results of the
study. FSSD employs 30 enumerators to collect artisanal fisheries data from 50 landing
beaches out of approximately 292 landing beaches [8]. These 50 landing beaches were
obtained using the three-stage sampling survey by dividing the whole coastal area into four
regions (i.e., Major strata) and the four regions into districts (Minor strata). Sampled canoes
and landing sites were selected within the minor strata (districts) based on the canoe frame
survey for the sole purpose of increasing the accuracy of the derived estimates using the
proportional stratified sampling method.

The equation for the sampling is ng = g x Ny, with a maximum of 12 canoes
sampled daily, where N and n are the total population and sample sizes, respectively, k
is the number of strata, Ny is the number of units in stratum k, and ny is the number of
sampled units in stratum k. To calculate the sample size of the total population, sample
size formulan = HLI\I(EZ) is used [24], where e is the level of precision. The FSSD employ
95% as the confidence interval and +/—5 as the degree of accuracy.

The sampling procedure is adopted from the FAO toolkit for small-scale fisheries
routine data collection [22] and, as stated in the toolkit, enumerators at the landing beaches
sample data for 14 days/gear/month with each enumerator having two gears which in
some cases spill over to two landing sites each, depending on the size of the landing site
and the abundance of fishing gears. For the recording of data, two forms are provided
by the Fisheries Commission, Forms 1a and 1b, with each performing a different function.
Form 1a is used to record daily information on fishing activity at the landing site, and
Form 1b is used to record information and data collected. The data collected by FSSD are
placed into three categories: the fisheries statistical data, i.e., the catch and effort data; the
biological data; and the environmental data.

The fisheries data expected to be recorded at each landing beach are catch and species
composition (single-species), fishing effort, price of fish, number of operating fishing crafts,
types and sizes of fishing crafts, types of gears and their target species, areas of operation
of fishing crafts, number of fishermen on fishing crafts, and information on landing sites.
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The biological data to be collected are fish length, fish weight, gonad weight, and sex. The
environmental data are salinity, temperature, and dissolved oxygen.

The data is collected by the 30 enumerators at all fifty landing sites but due to the
shortage of resources and intellectual capacity, the biological data is collected at four
landing sites across the four coastal regions, and the environmental data is collected at six
landing sites. These sites were selected based on the abundance of fish species and the flow
of water, respectively. After the data are recorded, the zonal officials (supervisors) in charge
of the enumerators receive the records from each landing site and transmit them to FSSD,
where they are compiled. For this study, since 1 of the enumerators had hearing loss, only
29 were interviewed. These enumerators had a male-to-female ratio of 25:4, an average age
of 37 years, and an average of 10 years of data collection experience.

3.1. Sampling of Landing Beaches in the Coastal Districts of Ghana

Ghana has 292 landing beaches. This means that the calculated sample size is 166 [24].
However, only about a third of these beaches are sampled by enumerators. Each of the
26 fishing districts should have at least 1 landing beach sampled based on ratio and
proportion, but as can be seen in Figure 2, the enumerators cover 18 out of the 26 fishing
districts, resulting in an under-sampling of 8 districts. The data gatherers also stated
that they sample a total of 50 landing beaches from the 18 districts they work in, which
is 80 beaches less than what should be sampled from those 18 districts (assuming the
sampling of the 18 districts is desirable). However, they over-sample in Ledzokuku-Krowor
by 1landing beach.

To determine whether there is a significant difference between the number of landing
beaches sampled and the number of landing beaches expected to be sampled, a chi-square
test was undertaken, and we found a significant difference (93.87276, p-value of 0.001). The
low coverage of landing beaches is attributed to a lack of human and financial resources.

3.2. Sampling of Landing Beaches in the Coastal Regions of Ghana

On a regional level, we discovered a considerable discrepancy between the actual
and expected landing beaches sampled, as shown graphically in Figure 3. This was found
using the same methodology (sampling, ratio, and proportion). We discovered that the
Central Region has a more pronounced under-sampling of 41 landing beaches as compared
to Greater Accra which is under-sampled by 19 landing beaches.

3.3. Sampling of Canoes in the District of Ghana

Ghana had 11,583 canoes in total as of 2016, according to MoFAD. Out of this total,
372 canoes were to be sampled. Based on a proper sampling procedure, at least 1 canoe
should be sampled from each coastal district. We also discovered from our research that
the 290 canoes from 18 districts that the enumerators collectively sample are either under-
or over-sampled. Figure 4 indicates that canoes are over-sampled in approximately half of
the district, with Gomoa West and Ga South oversampled by 27 and 15 canoes, respectively.
However, the canoes were under-sampled by 28 and 14 canoes in Sharma and Ahanta
West districts, respectively. The over-sampling of canoes was found to be attributable to
misalignment of incentives: i.e., compensation for the district from which data is not being
collected or the district with a smaller number of canoes.

3.4. Sampling of Canoes in the Coastal Regions of Ghana

As presented in Figure 5, there are variations in the number of canoes sampled and
the expected sample in each region. Clearly, there is under-sampling, with the Western
region having the highest proportion of under-sampled canoes (40 canoes) as opposed to
the other regions, especially the Central region which is under-sampled by 10 canoes.
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PERCENTAGGE CONTRIBUTION

3.5. Percentage Contributions

Each coastal region’s contribution to the under-sampling of canoes and landing
beaches is shown in Figure 6. Using the differences between the actual sampled with the
estimated sample across the coastal regions, we found that the Western region contributed
the most to the under-sampling of canoes (49%) and slightly less than the Central region
to the under-sampling of landing beaches (28%), with the Central region contributing the
most to the under-sampling of landing beaches (35%) and the least to the under-sampling

of canoes (12%).
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Figure 6. Percentage contribution of coastal regions to under-sampling of Canoes and Landing

beaches in Ghana.

3.6. Catch Data

The four catch data categorizations (i.e., biological, ecological, economic, and social)
were analyzed [14]. Each category has various components as presented in the first column
of Table 1. The results revealed that none of the components under each thematic area show

100% data collection among the enumerators.

Out of the seven components under the biological category, the enumerators do not
collect data on discards of fish species per canoe and the length and/or age composition
of discards. However, 86% of the enumerators collect information on fishing effort. Only
17% of them indicated that they collect information on bycatch species, while 93% collect
data on the price of fish and crew size of each canoe. These inconsistencies discount the
reliability of the data aggregated by the FSSD for effective fisheries management.

Some of the enumerators collected data on single species and others on multiple
species. The multi-species and single-species data indicate an ecosystem-based approach
and a precautionary approach, respectively [25]. Due to the establishment of an ecosystem-
based approach in national and international law, the authors of [26,27] suggested an
ecosystem-based approach as the appropriate starting point for management; however, as
indicated in Table 2, we can establish that there has been no consensus on which approach
to use. About 52% of the enumerators collect multi-species (i.e., collect data by canoes
and by gear) while 14% collect both single-species and multi-species (i.e., collect by either
species or by both). The Fisheries Commission, on the other hand, indicated that the

enumerators were instructed to collect only single-species data.
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3.7. Effort Data

Regarding data on fishing effort, differences in the frequency across the enumerators
were found. Comparing results from the 50 landing sites (Table 3), 86% of the enumerators
collect data on the number of canoes and the type of gear, while only 16% indicated that
they collect data on the size of a canoe.

4. Conclusions

From the survey on data collection practices by technical officers at the landing beaches,
evidence of under-sampling and over-sampling has been found. This implies that the FAO
toolkit for best practice is not being followed in practice in Ghana. This may be due to a
lack of financial resources and the requisite skills to follow the desired protocol for fishery
data collection. The sampling procedure deviates significantly from the ideal, which has
implications for the quality of data generated.

A sample size that is too small might result in a Type I error [28], which is the likelihood
of incorrectly rejecting a certain discovery when it should be accepted. Additionally, the
author argued that an excessively high sample size is not appropriate due to the potential
for type Il error, which involves accepting a certain finding when it should be rejected. Thus,
the relevant data needed for the formulation of management policies could be erroneous,
thereby affecting the accuracy of the estimated catch and effort data.

The collection of catch and effort data sets and the method by which they are collected
were different at some landing beaches. This discrepancy contrasts with FSSD’s objective
of collecting reliable data guided by scientific procedures. As noted by the authors [29],
components of each thematic area should be the same at every landing site (beach) to
ensure accurate data for fisheries management.

Errors in the sampling of landing beaches and canoes, as well as discrepancies in data
sets gathered, could lead to the exaggeration of catch potentials, resulting in erroneous
estimates of the maximum sustainable yield level (MSY) and the effort corresponding to
maximum sustainable yield (Fypsy). These wrong estimates could lead to over-exploitation
or over-capitalization of fisheries and their eventual collapse, as suggested by many studies.

To improve the quality of data collection, proper monitoring of the field enumerators
should be incorporated as part of the Ministry’s activities and the use of the FAO Open
Data Kit (ODK) mobile phone application should be reviewed, upgraded, and its usage
continued to ensure accurate collection of data. National service personnel from fisheries
academic departments should also be employed to ensure better coverage of landing sites
in the country. This suggestion comes with limited cost implications. In addition, there
should be a balance between an understanding of the sampling techniques, the need for
data, and the kind of data to be collected by the field enumerators and office staff.
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Abstract: Tilapia is a widely cultured species native to Africa; these fish are prolific breeders and
constitute an economically important fish species supplying higher-quality protein. To meet the global
food demand and achieve the UN’s Sustainable Developmental Goals (SDG), the aquaculture industry
has conceived of productive solutions with the potential for adaptability, palatability, and profitability.
Tilapia may play a vital role with respect to the possibility for sustainability in the nutrition and
aquaculture sectors. India contributes to the promotion of aquacultural practices through a structural
framework focused on agricultural, environmental, geographical, and socio-economic factors that
provide opportunities for tilapia farming. Globally, the Indian aquaculture sector is currently the
second largest in terms of aquacultural production but is moving toward different species that meet
SDG and facilitate international marketing opportunities. The farming of aquacultural species with
innovative technology constitutes an efficient use of resources. Productive research on feeding,
disease management, construction, and layout helps overcome the challenges faced in aquaculture.
These focused and sustained factors of the aquaculture industry offer a latent contribution to global
food security. This review reports on the state of the art, the challenges regarding tilapia aquaculture
in India, and the Indian government’s schemes, missions, subsidies, projects and funding related to
tilapia production.
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Key Contribution: The present review deals with the important farming strategies of tilapia aqua-
culture in India. Also, the policies framed by the Indian government through various programs
and subsidies to expand the blue economy relating tilapia farming and their direct benefits to the
aquaculture farmers were highlighted.

1. Introduction

Aquaculture plays a pivotal role in meeting the United Nations’ SDG of alleviating
poverty (SDG 1) and global hunger, ensuring food security and the provision of adequate
nutrition (SDG 2), and promoting sustainable socio-economic growth (SDG 8) [1]. The
farming of aquatic organisms in inland and coastal areas improves the local supply of
food and the economy. Asia is the leading producer of seafood, producing at a rate of
more than 6% per annum [2]. This is due to the increase in the per capita consumption
of fish. To meet the SDG and provide food to those in need and economic opportunities
in rural areas, culturally appropriate species of fish and production approaches must be
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identified. These needs are increasingly being fulfilled by tilapia. Wing-Keong et al. [3]
stated that tilapia is one of the most important species of fish in aquaculture, which is
capable of filling the gap of the increasing worldwide demand for protein sources. Tilapia
farming is widespread, occurring in more than 135 countries and territories [4]. Production
is increasing because of tilapia’s large size, fast growth, prolific breeding characteristics,
palatability, and relatively low cost for production [5]. Although tilapia is a freshwater
species, it can tolerate osmotic and alkalinity stresses up to a particular range [6] as well as
low dissolved oxygen concentrations and osmotic and alkalinity stress [7]. These fish can
mature within 2-3 months of hatching and produce 75-1000 offspring every 22—40 days.
Nile tilapia have been cultivated widely in many parts of the world; they are considered
one of the first fish species to have been cultured and their cultivation constitutes the
largest of the tilapia industries. Globally, Nile tilapia started being cultivated more than
3000 years ago [8]. The Mozambique tilapia industry is the second largest tilapia industry
based on its production and exportation rates. The World Bank [9] projected that global
tilapia production will reach 7.3 million tons by 2030, an increase from the 4.3 million tons
reported in 2010. India’s share of global fish production amounted to 5.68% from 2016-2017,
corresponding to about 10.79 million tons. Tilapia are preferred over carp because of their
firm, white flesh and lack of intermuscular bones. Based on their reproductive behavior,
the commercial species of tilapia have been classified into three major categories: (1) ma-
ternal mouth brooders (Oreochromis species); (2) paternal and biparental mouth brooders
(Sarotherodon species); and (3) substrate incubators (Tilapia species) [10]. The most common
commercially farmed species are blue tilapia (Oreochromis aureus), Mozambique tilapia
(Oreochromis mossambicus), Nile tilapia (Oreochromis niloticus), longfin tilapia (Oreochromis
macrochir), redbreast tilapia (Tilapia rendalii), redbelly tilapia (Coptodon zilli), Sabaki tilapia
(Oreochromis spilurus), three-spotted tilapia (Oreochromis andersonii), and Jaguar guapote
(Parachromis managuensis). Numerous hybrids have been developed and evaluated, and
monosex populations can be developed for various species. The production of various
hybrids is also increasing [11]. India’s contribution to the yearly annual rate of aquacultural
food production amounts to 7.56%, which is greater than the global average from 2000
to 2018 [12]. Thus, this review attempts to study the state of the art and challenges of
tilapia culture in India and elaborate the development of the technology that drives this
critical food production system in a sustainable manner. The governmental program, Neel
Kranti, also known as the blue revolution mission, is a centrally sponsored initiative with
the objective of doubling the production and tripling the exportation of fish by 2022. This
program began in 2014 and was designed to encourage the use of sustainable and integrated
approaches for the development of aquaculture [13]. The main focus of this mission is
the utilization and promotion of technological advancement in aquaculture for national
food-related and nutritional security. The ultimate goal of the program is to encourage the
use of sustainable and integrated approaches for the development of the fisheries sector
in India. [14]. This initiative has four major components: strengthening infrastructure
and security at ports and harbors, boosting skill development and training for fishermen,
encouraging aquaculture, and ensuring fishermen have greater access to financial facilities.
The program’s infrastructure enhancement component intends to offer better facilities at
ports and harbors, mobile health services, and a fishing insurance plan. This will allow
fishermen to carry out their activities in a safe and secure manner and enhance their overall
living conditions. The associated training program seeks to educate fishermen with respect
to the optimal practices in water safety, fishing equipment maintenance, and current fishing
techniques. To support aquaculture, the initiative will allow fishermen to receive improved
technical support, thereby allowing them to launch their own fish-farming companies. This
program will assist fishermen in purchasing higher-quality seeds and gaining access to
more markets, thereby improving their revenue and providing additional job prospects in
the industry. In summary, the Indian government’s Neel Kranti program is a much-needed
effort that can dramatically increase the country’s aquacultural output and assist fishermen
in securing superior economic and living conditions [15-17]. Though India is the largest
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producer of Indian carp (Catla catla, Labeo rohita, and Cirrhinus mrigala), the global demand
and consumption of tilapia have paved the way for the enrichment of the productivity of
Indian aquaculture [18]. In this regard, the government of India has set forth detailed agro-
and socio-economic guidelines for the cultivation of this non-native species with the goal
of protecting native inland species and their production. The guidelines encourage the
amassment of collective knowledge and the undertaking of interdisciplinary efforts, includ-
ing mathematical modelling systems, Internet-of-things (IoT)-based in-silico approaches,
geospatial technology, fisheries and engineering technology, and management strategies, to
provide an innovative and productive outcome regarding the production of tilapia from the
aquaculture industry. The government of India also provides subsidies and development
funds to facilitate tilapia farming based on the poverty line for farmers. In this review,
specific facets such as tilapia aquaculture, the contribution of the Indian tilapia industry
to global aquaculture, major production guidelines, various culturing methods, species-
specific selection criteria, feed and disease management strategies, and the development of
projects/schemes for tilapia production in India will be discussed.

2. Tilapia Aquaculture in India

Nile tilapia is the primary cultivable species in India. This cichlid was initially intro-
duced in the state of Kerala, while Mozambique tilapia were imported in 1952 and stocked
into reservoirs and ponds in Kerala state [19]. Due to their rapid rates of reproduction,
the fish overpopulated the area and slowly migrated into the reservoirs of Tamil Nadu,
Karnataka, and Rajasthan, resulting in the extinction of certain inland fish species, such as
Tor tor and Tor putitora. In 2005, the Yamuna River harbored a certain quantity of Nile tilapia;
due to this species’ characteristic reproductive behavior, the abundance of tilapia increased
in comparison with the total fish species in the river by 3.5% in 2 years (reported by the
National Fisheries Developmental Board) [20]. Johnson et al. [21] reported that a drastic
increase in the catch percentage of tilapia ranged from 6.7% to 85.9% from 2008 to 2018,
which is expected to reach >90% according to their decadal species composition study. The
experimental study also noted the species diversity of Nile tilapia from the total catch in
the Halali reservoir [22]. The introduction of tilapia via a polyculture strategy also reduced
the average weight of other major carp. Panikkar [23] recommended the formulation
of a national policy, which led to a ban on tilapia propagation. The strict guidelines on
tilapia farming in India have resulted in a renewed interest in the cultivation of several
species, including Oreochromis mossambicus, Oreochromis niloticus, Oreochromis urolepis, and
Captodon zillii, which are now available throughout the country [24]. Globalization, the food
demand within India, and economic development opportunities precipitated the current
situation, which, consequently, facilitated tilapia farming under the guidelines discussed
below. The relevant regulatory entities in this regard include the Department of Fisheries,
the Central Institutes for Marine and Inland Fisheries Research, the Rajiv Gandhi Centre for
Aquaculture (RGCA), the National Fisheries Development Board, and other government
agencies. Thus, tilapia is now farmed with sustainable farming technology by following
the respective government-issued guidelines.

2.1. India’s Contributions to Tilapia Production

The State of World Fisheries and Aquaculture has acknowledged the stupendous
growth of the Indian fisheries sector, as it ranks, globally, fourth in terms of capture
fisheries and second in terms of inland capture fisheries, contributing as much as 14% of
the share of the total global inland capture [25]. The Indian government has launched a
number of initiatives and projects to boost aquacultural output in the country. The Blue
Revolution Plan, the National Fisheries Development Board (NFDB), and the Fish Farmers
Development Agency (FFDA) are among the major projects. Reflecting and driving the
global shift from capture to culture, the report underscores the fact that 57% of India’s total
fish production stems from aquaculture. The inland and marine sectors provide a wide
range of water resources for culture and capture fisheries. In 1950-1951, India’s total fish
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production was 0.75 million metric tons (MMT); then, it drastically increased to 9.5 MMT
in 2012-2013. Moreover, the current production level has reached 16.25 MMT due to the
projects and schemes funded by the Indian government [25]. The aim of the Blue Revolution
Program is to boost fish output by building fish farms, hatcheries, and processing facilities.
The National Fisheries Development Board promotes sustainable aquaculture methods
and assists relevant businesses financially. The Fish Farmers Development Agency seeks to
boost the productivity of fish farmers by offering training and assistance. These measures
have resulted in tremendous development in the aquaculture sector, increasing employment
and strengthening the country’s export revenues [13]. The GOI aims to double the income
of fishers, fish farmers, and fish workers over five years, with a 9% annual growth rate, to
attain the fish production target of 22 million tons by 2025. This scheme, with reservoir
fisheries as one of the focus areas, aims to create additional employment opportunities,
both directly and indirectly, for six million people employed in the fisheries industry and
its allied activities [26]. The Food and Agriculture Organization (FAO) has predicted that
India’s fish production level will grow by 26% between 2018 and 2030, which is 6.8% and
11.5% faster than the projected growth rate for Asia and the world, respectively [27].

2.2. Guidelines for Tilapia Culture in India

In aquaculture, efforts to increase the productivity of tilapia resulted in high population
density, which, in turn, caused outbreaks of Tilapia Lake Virus (TLV). Although tilapia
farming has resulted in adverse environmental impacts on native fish species, tilapia have
also become a prominent species whose consumption allows rural communities to meet
their food and nutritional requirements. Thus, the National Committee approved the
introduction of exotic aquatic species such as Nile tilapia in 2006. However, farmer-friendly
guidelines for tilapia were not implemented until December 2011. These guidelines were
established based on the concept of the monitoring (M), control (C), and surveillance (S) of
the hatchery, nursery, and farming practices of tilapia culture in India [28]. The detailed
guidelines for farming tilapia in India can be found on the Department of Fisheries website
maintained by the Ministry of Fisheries, Animal Husbandry, and Dairying, Government
of India (www.dahd.nic.in, accessed on 20 January 2023). A Steering Committee was
established at the department of fisheries at the national level to monitor tilapia seed and
grow-out production. The guidelines of the committee initially dealt with cage farming,
which, subsequently, requires registration and information on location, the area of culture,
the type of culture and its intensity, the size of the seed to be stocked, the stocking density,
and the biosecurity parameters in both cage-based and intensive culture. For subsidies and
governmental funds, the guidelines should be followed strictly, with particular emphasis
on stocking density and biosecurity.

3. Farming Strategies of Tilapia Culture: The State of The Art

The use of appropriate and proven farming strategies for tilapia aquaculture facili-
tates better yields and utilization of resources [29]. Several technological advancements
are widely used in aquaculture to overcome various challenging factors, such as climate
change, land availability, socio-economic concerns, and environmental barriers. Various
studies have been reported concerning the strategies and efficient practices for the suc-
cessful production of tilapia. These practices include Biofloc technology (BFT); backyard
brackish water aquaculture; recirculatory aquaculture systems (RAS); cage culture systems
for the farming of potential high-yield varieties of tilapia such as the Genetically Improved
Farmed Tilapia (GIFT) strain, hybrids, and monosex populations; and Integrated Multi
Tropic Aquaculture (IMTA). Polyculture (multiple species in the same production sys-
tem) and integrated fish farming (fish farms integrated with terrestrial agricultural crops)
provide additional income to farmers. One study reported that the integration of aquapon-
ics with BFT applied to GIFT tilapia and bell peppers resulted in improved production
without affecting growth or stress parameters [30]. This technological advancement helps
overcome the challenges in the agro-aquaculture sector [31]. The integration of BFT and
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RAS resulted in better resource utilization and production by providing supplementary
feed for Nile tilapia [32]. Oparinde [33] developed a mathematical model to address the
adaptation strategies associated with changes in the climatic conditions for aquaculture.
Geographical-Information-System (GIS)- and remote-sensing-technology-based data are
associated with applications for effective farming, land or site suitability assessment, or
resource availability. The GIS-based (AHP-Analytical Hierarchical Process) approach fa-
cilitates geospatial mapping for the planning or construction of fish farms and the use of
brackish water resources [34]. Hence, the application of these technological advancements
in aquaculture paves the way for sustainable farming practices. The following strategies
concern the improved farming practices applied in tilapia production.

3.1. Recirculatory Aquaculture System (RAS)

An RAS uses biofiltration to eliminate trash and raise oxygen levels, thus allowing
for an extremely efficient and eco-friendly approach. Initially, cleansed water is treated
with chemicals to remove chlorine and other hazardous compounds [35]. After this water
has been treated, it then passes into the fish tanks or raceways where the fish are cultured.
These tanks are often constructed with space to swim while also allowing for effective water
flow through the system. The water becomes tainted with ammonia, nitrites, and nitrates
as the fish create waste; this waste can be passed through a biological filter, which is a series
of tanks containing beneficial microorganisms, to decrease such impurities. These bacteria
convert ammonia and nitrites into nitrates, which may be utilized as fertilizer for plants.
The major aerobic bacteria involved in this system belong to the genera Nitrosomonas,
Nitrosococcus, Nitrosospira, or Nitrosolobus. These bacteria tend to convert nitrite to
nitrate (Figure 1). The water is constantly pumped through the biological filter and back
into the fish tanks, thereby ensuring that the fish have a healthy aquarium habitat. The
mechanism of the recirculation system reduces water usage significantly, rendering it
a more sustainable approach than standard aquacultural methods. To maintain ideal
water quality, some RASs contain additional water treatment procedures, such as protein
skimming, carbon dioxide level monitoring, or UV sterilization, in addition to biofiltration,
thereby increasing the potency of water quality maintenance. In summary, an RAS is
a highly efficient and environmentally friendly method for raising aquatic plants and
animals [36-38].

Ammonia oxidation
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Figure 1. Reaction mechanism of ammonia—nitrite oxidation used in Recirculatory Aquaculture

System (RAS).

RASs are closed systems that conserve water by recycling and are capable of afford-
ing super-intensive production levels (Figure 2). One of the plausible solutions to the
water crisis and problems regarding land utilization in urban areas is RAS technology.
Ye et al. [39] developed a statistically based imaging technique for tilapia farming in an
RAS. Shnel et al. [40] designed the zero-discharge RAS production system for tilapia. In this
method, nitrogen removal was performed by a fluidized bed reactor. A rotating biological
contactor device for tilapia was used to manage water quality and remove ammonia in
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Biological filter system

\

an RAS production system [41]. An RAS provides optimum environmental conditions
year-round and may be one of the best solutions for the climatic crisis currently threaten-
ing aquaculture [42]. The production of holy basil (Ocimum tenuiflorum) and Nile tilapia
resulted in a better growth rate of tilapia and an improved holy basil yield [43].
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Figure 2. Typical representation of tilapia—oriented Recirculatory Aquaculture System (RAS).

3.2. Biofloc Technology (BFT)

BFT is also known as the activated suspension technique (AST); it involves the use of
microbial communities to break down waste particles and transform them into a protein-
rich biomass that can be easily consumed by the fish [44]. The process is reliant on the
production of high levels of organic matter that results in high concentrations of suspended
solids. However, these solids provide a surface for bacterial colonization, and these bacteria
then serve as a food source for the fish [45]. By utilizing this biofloc technology, farmers
can create a self-sustaining system that increases the efficiency of production and reduces
their dependency on external inputs, thereby reducing their overall operational costs. The
technology has been shown to effectively improve yields, reduce costs, and ensure the
sustainable production of tilapia [46,47] (Figure 3).

This process serves as a source of food for fish [48]. The addition of carbon (C)
and nitrogen (N) sources and the constant aeration and agitation of the water column
result in the superior production of natural feed for the cultured aquatic species. The
optimum ratio of C to N in BFT is 10:1 [49]. The use of BFT helps reduce the environmental
impacts of aquaculture. The formulated diets and their ingredients can constitute an
effective and sustainable farming technique for producing commercially valuable species
in aquaculture [50]. Effluents from BFT can also be used in an aquaponic-based system
(“flocponics”); this feasible approach enhances the growth of tilapia more than that of the
plants [51]. The use of BFT has been shown to improve the quality of larvae and brood
fish [52].
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Figure 3. Typical illustration of tilapia farming using Biofloc Technology.

Based on a partial production cost analysis and a subsequent investigation, Luo et al. [53]
reported that the production of GIFT tilapia was more lucrative when using BFT compared
to a traditional RAS. A zero-water exchange system using BFT resulted in optimum growth
and hematological and immune parameters in GIFT strain fish [54]. The indoor tank
cultivation of Nile tilapia using BFT resulted in 100% survivability and an increased
production rate [55]. Certain studies have suggested that the biofloc system reduces the
entry of pathogens due to the recycling of nutrients and water [56,57] and that the flocs
produced by this technology can enhance the amount of protein available for the tilapia to
consume, leading to a reduction in the usage of feed [58]. This type of approach reduces
the costs of production and generates greater profits [59].

3.3. Cage Farming

Cage culture in open water is another production system that is particularly well
suited for the introduction of aquaculture in rural areas or for adoption by farmers with
little aquaculture experience [60]. The major advantage of cage culture is that it can be
implemented in existing water bodies such as rivers, lakes, ponds, seawater, etc. In addi-
tion, it provides an excellent environmental sustainability index, allowing for affordances
such as lower usage of resources and reduced pollutant accumulation [61]. Formulated
feed is commonly fed to fish housed in cages. In cage culture, fish require significant feed
supplements, including formulated feed, to promote growth, health, and productivity. The
GIFT strain is productive in cage culture systems. The use of sterile, monosex male tilapia
(Oreochromis niloticus) is permitted in cage culture in India [62]. The farming of tilapia in
ponds and cage culture is prominent and gaining popularity in India, wherein the focus is
on Nile tilapia [57]. Seed, larval, and brood quality and stocking density play essential roles
in the success of tilapia cage culture. Stocking density is vital for production, disease, and
stress management in a fish culture environment. This intensive culture method has certain
guidelines in the Indian regime for the culture of monosex tilapia, GIFT, hybridized, and
hormonal sex-reversed tilapia, which have been designed to impede the prolific breeding
tendency of the tilapia. Chakraborty et al. [63] evaluated the stocking density and growth
of Nile tilapia in the Gangetic plains, India. They recommended a stocking density of
kg/ m? for caged-cultured mono-sex Nile tilapia in the Indian context. Another important
factor in tilapia cage culture is feed management. Feeding and nutrient management in
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cage culture involves artificial and natural feed. Providing natural feed (phytoplankton
and zooplankton) improves the nutritional quality of the fish and reduces the necessity for
the supplementation of artificial feed in cage culture. Periphyton is a natural food source
that is gaining popularity in cage culture as it reduces the protein requirements necessitated
by commercial feed and functions as a complementary feed for the fish [64]. According to
Delphino et al. [65], streptococcus-resistant tilapia cultured in cages were found to present
< 10% mortality, which significantly increases the production rate by preventing a strepto-
coccus infection. The major drawbacks of cage culture are environmental impacts such as
the release of nitrogen, nutrients, and pollutants in waterbodies by uneaten feed [66].

3.4. Polyculture Tilapia Farming

The culturing of more than one species of aquatic organism in the same system is called
polyculture. This approach facilitates the better utilization of the available natural feed
in ponds by using species displaying different food habits (foraging), thereby facilitating
higher fish production per unit area [67,68]. Polyculture systems can also be referred to
as co-culture, multi-trophic, or integrated aquaculture farming systems. However, the
systemic approaches differ in each system [69]. The primary and secondary species in a
polyculture system enable cost-effective production [70]. Tilapia has a shorter growing
period (a maximum of 6 months to reach 500 g in body weight) when compared to other
teleost species; thus, the cultivation of tilapia with other species requires specific techniques
and strategies {68]. Detailed guidelines and recommendations regarding the species cul-
tured with tilapia polyculture facilitate better income without affecting species production.
Tilapia have been successfully co-cultured with crustaceans (prawn/shrimp) and other
teleost fishes such as silver carp (Hypophthalmichthys molitrix) and common carp (Cyprinus
carpio) [71]. When tilapia are co-cultured with shrimp/prawns, the tilapia are able to act as
an effective filter feeder by consuming zooplankton, while the leftover phytoplankton are
consumed by the shrimps/prawns, thereby reducing the formation of algal blooms and
enhancing economic value [72]. Hisano et al. [73] reported that the co-culturing of Nile
tilapia and giant prawns (Macrobrachium rosenbergii) in a BFT-based RAS polyculture system
resulted in better feed and protein utilization for the tilapia. However, in a polyculture
system consisting of a combination of tilapia and carp, the tilapia achieved greater growth
than the carp due to the reduced feed conversion ratio [74]. Similar results were obtained
by Papoutsoglou et al. [75], where the ratio of 40:60 carp/tilapia production resulted in
better growth with a lower FCR (Feed Conversion Ratio) and carcass lipid concentration.
In fertilized ponds, the mortality rate of tilapia was higher than that of carp [76]. Previous
studies have suggested that management approaches incorporating parameters such as
stocking densities, species, the age of the species, and feed and niche requirements are
essential in the polyculture farming of tilapia [68,77-79].

3.5. The Integrated Farming of Tilapia

Integrated fish farming involves the combination of farming fish with livestock or
other terrestrial agricultural animals. In this approach, the systems are linked to each other;
thus, land and water resources are efficiently used, and financial and labor costs are reduced.
Integrated fish farming commonly incorporates waste or by-products from the terrestrial
side for utilization on the aquatic side. The overall outcome of the integrated farming
system is a high yield with low input and a limited amount of supplementary feed required
for the fish [80]. Zoonotic pathogen sources and organic manure can contaminate soil and
water in an IFS (environment) with dangerous chemicals and pathogens that pose a threat
to human health [81]. Concerns regarding environmental risks and the bioconcentration of
harmful substances should be mitigated to achieve sustainable IFSs [82]. Adverse effects on
an IFS should be reduced by adopting and adapting environmentally friendly approaches
that are eventually safe and hygienic and prevent further environmental degradation [83].
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3.6. Integrated Multi Tropic Aquaculture (IMTA)

An expansion of the Integrated Farming System has been developed and termed
integrated multi tropic aquaculture. IMTA is commonly practiced as a semi-intensive
culture method that is widely used for the cultivation of animals feeding on diverse trophic
grades (Figure 4). Waste nutrients are collected as sediments in this system and are utilized
by other organisms. This strategy involves the use of filter feeders to remove excess feed to
avoid environmental water pollution [66]. In IMTA, species from different niches consume
the available resources; hence, the nutrient inputs become more efficient [72]. IMTA
practices are of several kinds and have also been called Integrated Peri-Urban Aquaculture
Systems (IPUASs), Integrated Agriculture Aquaculture Systems (IAASs), and Integrated
Fisheries and Agriculture Systems (IFASs) [84,85]. David et al. [86] reported the results
of the cultivation of Amazon River prawn (Macrobrachium amazonicum) and Nile tilapia
using the IMTA technique. In this study, the Nile tilapia acted as a feeding organism,
whereas the Amazon River prawn acted as a recycler. It has been reported that IMTA
could be used as an environmental stability agent in the Sundarbans, serving as a balance
between food production while also supporting the ecological security of the mangrove
ecosystem [87]. When applied to floating cage systems, IMTA approaches enhance the
growth and production of tilapia [88]. According to Rodrigues et al. [89], integrated farming
incorporating tilapia and the Amazon River prawn results in higher growth rates when
natural live feed is utilized. In an integrated farming strategy, the size of the species plays
a vital role. When prawns and tilapia are cultured via integrated farming, the size of the
prawn will increase due to the increased uptake of phytoplankton [90].

invn culture environment

Nutrient intake by the deposit feeders

Figure 4. Graphical illustration of IMTA depicting efficient utilization of nutrient recycling system.

4. Strategies for Species Selection in Tilapia Farming
4.1. Farming of Monosex Tilapia

When undertaking the farming practices of tilapia culture, farmers face unrestrained
reproduction. To overcome this limitation, monosex tilapia cultivation has been imple-
mented [91]. The monosex production of tilapia is a rapidly growing and popular technique
in the field of tilapia farming (Figure 5). This technique is widely used due to the uniform
size of these fish, which are also gaining popularity among consumers [63]. The novel
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production and masculinization of Nile tilapia involves crossing the YY male genotype
with XX females (wild). This technique is known as genetically male tilapia or YY male
tilapia technology. This method is also used as a male factorial sex-determining mecha-
nism [92]. Other methods involved in monosex production include hormonal sex reversal,
interspecific hybridization, and the production of supermales and genetically improved
varieties [93]. Male tilapias grow more quickly than females and use less metabolic energy
to obtain a uniformly sized output; hence, these practices lead to the production of males
at a higher rate for monosex populations [94]. Androgenesis, triploidy, and transgenesis
methods are also available [93]. These methods have the potential to transform tilapia
production by allowing farmers to produce males or females based on their preferences,
removing the need to sort and eliminate fish [95]. They also have the potential to pro-
vide considerable economic advantages to farmers while contributing to the expansion
of the blue economy [96]. However, the adoption of these methods raises queries about
food safety, environmental effects, and ethical problems. As a result, adequate laws and
standards must be implemented to reduce possible hazards related to the usage of these
approaches [97]. The proper usage of these strategies may aid the expansion of the blue
economy and bring economic advantages to farmers while also ensuring the industry’s
safety and sustainability [96]. The monosex production of tilapia is an ongoing line of
research. The study conducted by Sayed and Moneeb [98] indicated that the nonsteroidal
aromatase inhibitor Fadrozole could be used to produce male populations of fish. The
synthetic male hormone 17x-methyltestosterone is used to reverse the sex of tilapia and
produce monosex populations. Considering the negative health-related effects of using
synthetic hormones for sex reversal, it has been recommended that they be substituted
with pyotosterols [99]. Ghosal et al. [100] suggested that the ethanolic extract of Basella alba
leaf and the methanolic extract of Asparagus racemosus can be used as safe and eco-friendly
alternatives for synthetic sex reversal hormones for monosex Nile tilapia.
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Figure 5. Male tilapia (monosex) production through YY male tilapia technology.
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4.2. Farming of GIFT Tilapia

GIFT tilapia were successfully developed by the International Center for Living
Aquatic Resources Management (ICLARM), which is now known as the World Fish Centre
(WEFC), and its allies [101]. In India, the GIFT strain is an improvement compared to other
available strains. The main aim of introducing the GIFT strain is to achieve high yields,
rapid growth, and high rates of survival at a low cost. The value offered by monosex
GIFT strains of tilapia resulted in wide-ranging adoption in Asian countries [102]. It has
been reported that the improved variety of Nile tilapia tolerates both saline and freshwater
without affecting the FCR, growth, or gill conditions of the fish [103]. One study suggests
that an around 27-36% faster growth rate can be achieved in GIFT tilapia compared to
non-GIFT tilapia by using mono and polyculture strategies [104]. The detection and identi-
fication of potential genes for the improvement of the cultured organism offers significant
potential for further improvement. Thus, genetically based selective breeding with the aid
of genome sequencing and mapping will pave the way toward the improved production of
GIFT tilapia. Xia et al. [105] constructed selection footprints and a genome-wide map of
genetic variation in tilapia. These tools could be used to help construct new and productive
varieties of genetically improved tilapia by using markers such as DNA markers, thereby
constituting a significant contribution to the production of fish species.

4.3. Farming of Hybrid Tilapia

Two of the more common hybrid tilapia are the red tilapia or golden tilapia. The
Oreochromis mossambicus x Oreochromis niloticus hybrid is gaining popularity because of
ease with which its cultivation can be managed [106]. Beardmore et al. [93] indicated that
hybridization can result in monosex populations. Based on the performance of analyzed
the fish, they found the gene and regulatory pathways related to osmoregulatory tolerance
in hybrid tilapia [107]. The advancement of the production of hybrid tilapia requires
one to understand the genetic linkages of the parental strains (the ancestry) of these
fish [108]. Gene-sequenced omics and computational investigations aid the development
of productive hybrid tilapia strains. [109]. Avallone et al. [110] developed an simple and
inexpensive method called Local Ancestry Inference (LAI) for a tilapia-breeding program
using Digest-RAD-sequence-derid Single Nucleotide Polymorphism Markers (SNPM). The
goal of their experiment was to trace ancestral genes via a fast and accurate method for
the production of potential high-yield and disease-resistant varieties of hybrid tilapia.
This method helps remove the unwanted traits in fish [111]. The selective breeding of
tilapia to produce hybrid varieties leads to the optimal presentation of economically and
environmentally favorable traits [112].

5. Management of Feed and Nutrients

To maintain optimum growth and immune functions, feed should contain energy and
nutrients that meet the requirements for tilapia culture [113]. Nutrients play a vital role
in the regulation of metabolism and the maintenance of homeostasis in fish [114]. Various
parameters, such as body weight increase (BWI), FCR, the protein efficiency ratio (PER),
specific growth rate (SGR), and weight gain (WG), are used to measure growth as a function
of feed offered. Fishmeal is a major source of nutrients in fish feed. However, due to the
depletion of fishmeal stock and fluctuations in its selling price, investigations are already
underway to find a suitable alternative. Mostly plant-based alternatives are preferred
because of their nutritional profile and abundance. Nevertheless, the antinutritional factors
present in plant sources hinder the process of completely replacing fishmeal in fish feed.
The dietary needs of tilapia vary based on the developmental stage, water temperature,
and fish size [115]. It is critical to balance the diet with the proper macronutrients and
micronutrients while avoiding overfeeding, which can cause water quality concerns such
as increased fish waste and uneaten food [116]. Producers must also consider feed costs and
devise feeding systems that improve economic efficiency while preserving fish growth and
quality [117]. Fish feed production is extremely difficult since it frequently necessitates the
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exploitation of arable land to grow crops that are then transformed into fish feed [118]. This
is a sizeable issue since arable land may be better employed for human food production
rather than for fish feed manufacturing. The growing need for fish feed is consuming a
large quantity of arable land that could otherwise be exploited to produce food for human
consumption [119]. The land used to manufacture fish feed could be utilized to grow
crops that could feed humans in many parts of the world, particularly in areas where
food insecurity is already a serious concern [120]. As a result, it is critical to investigate
sustainable alternatives for the production of fish feed, such as the utilization of insect-based
protein sources [121]. This would reduce the strain on arable land and water resources
while also providing a long-term source of protein for tilapia production. Researchers have
conducted various studies to find plant-based alternatives to fishmeal. Nevertheless, due
to antinutritional factors, plant-based alternatives have only been used to partially replace
fish meal [122].

Table 1. Various feed supplements and their performance with respect to fish health.

S.No Feed Supplement Performance Fish Species References
Improves growth, production of antioxidants, o
. . . R (Oreochromis niloticus)
1. Tridax procumbens immunity, and resistance to monogenean e [123]
e . Nile tilapia
parasitic infection
(Oreochromis niloticus)
2. Caraway seed Improves growth performance Nile tilapia [124]
. . Promotes growth and enhances serum biochemical  Oreochromis niloticus
3. Silybum marianum o . . TS [125]
indices, antioxidant status, and gene expression Nile tilapia
Trigonella Improves oxidative status and immune gene (Oreochromis niloticus)
4. . . o [126]
foenum-graecum expression and histopathology Nile tilapia
Improves hematoimmunological parameters and o
. L . (Oreochromis niloticus)
5. Salvadora persica enhances antioxidant responses against S [127]
oo . Nile tilapia
A. hydrophila infection
Improves growth performance, hepato-renal o
6. Yucca schidigera function, and antioxidative status and effects (Oreolc\PIlirlc;rrttizlsanzil;)tzcus) [128]
histopathological alterations against hypoxia P
Improves growth performance,
digestive enzyme activity, o
7. Menthol essential oil immune-related genes, (Oreoch'r ons m.l oticus) [129]
. . Nile tilapia
resistance against acute
ammonia exposure
Dietary coenzyme Enl.la.nce.s growth, digestive (Oreochromis niloticus)
8. e enzyme activity, immune-related genes, and o [130]
Q10 and Vitamin C : : . Nile tilapia
resistance against acute ammonia exposure
. hromi
Soybean meal diet (Oreoc romis
. . . mossambicus X
9. combined with Improves feed intake and growth performance o [131]
. Oreochromis niloticus)
bokashi leachate o
Red tilapia
Enzymatic feather Enhances growth, nutrient retention, (Oreochromis niloticus
10. L . [132]
meal and digestibility x Oreochromis aureus)
Organic acid salt
11. blend and protease Improves growth and nutrient digestibility Oreochromis IjlllUtZCuS [133]
complex x Oreochromis aureus
combination
12 Methylated soy Acts as good immune-modulating substance and  (Oreochromis niloticus) [134]

protein isolates

improved gut health

Nile tilapia
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Table 1. Cont.

S.No Feed Supplement Performance Fish Species References
Whey Protein Improves gut .health, total welgh.t gain, §urv1va1 (Oreochromis niloticus)
13. rate, and immune status of fish against e [135]
Concentrate (WPC) . Nile tilapia
Aeromonas hydrophila
11 Bacillus subtills and Increases amylase (enzymatic) activity, modulates  (Oreochromis niloticus) [136]
' Lactobacillus plantarun intestinal microbiota profile Nile tilapia
15 Bacillus pumilus and Enhances growth, immunity, serum parameters, (Oreochromis niloticus) [137]
' exogenous protease gene expression and gut bacteria Nile tilapia
16. Enterococcus faecium Improves growth, hematol(.)gm.al and biochemical (Oreoch.rom.ls nl.lotlcus) [138]
parameters, and non-specific immune response Nile tilapia
17. Aspergillus oryzae Improves oxidative §tams and immune response (Oreoch.rom.zs m'lotzcus) [139]
against hypoxia Nile tilapia
18. Clostridium butyricum  Improves growth, feed utilization, and gut health Oreochromis 1‘1zlotlcus [140]
x Oreochromis aureus
Chitosan and (Oreochromis niloticus)
19. chitosan Improves health and phagocytic activity o [141]
. Nile tilapia
nanoparticles
Zinc oxide (Oreochromis niloticus)
20. nanoparticles Improves health Nile tilapia [142]
Dietary sodium C
21. butyrate Enhances growth (Oreoch'r oms m.lotzcus) [143]
. Nile tilapia
nanoparticles
Synerglz_ed selgruum Improves growth, hemato-biochemical profile, and  (Oreochromis niloticus)
22. and zinc oxide . R e [144]
. immune status and reduces oxidative stress Nile tilapia
nanoparticles
23 Cinnamon Enhances antioxidant and digestive enzyme (Oreochromis niloticus) [145]
' nanoparticles activity, growth, and health Nile tilapia

Natural organisms, supplementary feed, and feed additives are widely used in com-
mercial fish farming [146]. Depending on the culturing practices employed and the foraging
behavior of the specific group, tilapia will grow rapidly when fed with fishmeal-based
diets, plant-based diets, biofortified feed additives, or other natural types of feed. The
use of formulated diets helps curtail unwanted chemical inputs, and the use of synthetic
antibiotics naturally fosters the growth and immune status of the fish [147]. Fish meal is an
excellent protein ingredient in diets but is very expensive [148]. Fish meal provides protein
and essential amino acids but can also contain thiaminase, an anti-nutritional factor that can
degrade thiamine [132]. The demand for fishmeal exceeds the supply and alternative pro-
tein sources are needed. Tilapia present positive results when fed with alternative protein
ingredients (Table 1). Thus, feasible, balanced, low-cost, anti-nutritional-agent-free feed
should be formulated for sustainable aquacultural production. Studies concerning feed for-
mulation and nutrition technology are increasingly relying on proteomics, transcriptomics,
genomics, and metabolomics to interpret the efficiency of growth- and immune-enhancing
feed formulations in aquatic feed and nutrition [149].
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6. Strategies for Diseases Management of Tilapia

Disease outbreaks can cause severe losses in aquaculture. Proper diagnostic advance-
ments should be implemented to avert economic loss [150]. Several diseases are caused by
poor water quality management, the high stocking of fish, and improper feeding strate-
gies [151]. The continuous usage of antibiotics/medications leads to an increased incidence
of drug-resistant bacteria; another consequent drawback is an accumulation of antibiotics
in fish [152,153]. Tilapia are highly susceptible to pathogens such as bacteria, fungi, viruses,
and ecto- or endoparasites or their secondary toxic metabolites. Tilapia are also highly
susceptible to Motile Aeromonas Septicemia (MAS), columnaris, edwardsiellosis, fran-
cisellosis, streptococcosis, and vibriosis [5]. TLV (an ortho myxo-like virus) is a potential
threat to farming and production [154], and it is ascribable to certain bacterial pathogens
such as Aeromonas, Flavobacterium, and Streptococcus. Certain co-existence studies analyzed
TLV and bacterial pathogens to assess the resultant epidemic disease [155]. Ectoparasites
that affect tilapia farming include monogeneans (Cichlidogyrus, Cyrodactylus etc.,) and pro-
tozoans (Trichodina, Vorticella), which can result in severe monetary losses in the tilapia
industry [156]. These disease-causing agents effect high mortality rates and are a menace
to future production [157]. A disease outbreak in tilapia production causes adverse effects
on aquaculture (Figure 6). Streptococcus agalactiae and Streptococcus iniae are the major
causative agents for the endemic disease streptococcosis. This disease causes severe mortal-
ity, specifically during the summer months when the increase in water temperature favors
the growth of S. iniae [158]. Ismail et al. [159] reported that vaccine-based diets reduce the
severity of streptococcosis infection by as much as 13% and increase survival rates by up
to 75%. Biocontainment measures include the quarantining of the diseased fishes, water
treatment using ultraviolet light, and chemical treatment (disinfectants) to reduce the risk
of diseases in the culture environment before the administration of medication. However,
antibiotics, chemical agents, or chemotherapeutics are only used after the identification
of sick fish [160,161]. Vaccination and improved hygiene protocols are critical to avoiding
antibiotic abuse in tilapia production. Antibiotic resistance occurs when bacteria develop
resistance to the actions of antibiotics, rendering them more difficult to treat. Antibiotic
overuse in the fish farm industry can result in the entrance of antibiotics into the food
chain, thereby potentially compromising human health. Vaccination protects farmed tilapia
against infections that might harm them, thus lowering the need for antibiotics. Improved
hygiene protocols can also help avert disease outbreaks by lowering the likelihood of
pathogen transmission. The implementation of these strategies is assured to promote
sustainable and safe tilapia farming both in terms of the environment and human health.

The sustainability of aquaculture requires the control of diseases. The government,
NGOs, and various research institutes in India are focusing on this challenge and providing
disease-resistant strains of fish [119]. The emerging techniques, such as the sequencing of
whole genomes, provide new insights into the disease resistance of high-yield varieties of
tilapia. Oreochromis spilurus cultured in seawater contains an antimicrobial peptide [162].

6.1. Vaccines

Fish are cold-blooded animals but respond to vaccines like warm-blooded animals [163].
Vaccinating fish may reduce the use of antibiotics in aquaculture. Duff [164] was the first
to examine oral immunization against furunculosis in Atlantic salmon (Salmo salar). The
advantage of using vaccines over antibiotics is that a vaccine stimulates the immune re-
sponse and induces immunological memory, thus preventing future outbreaks by exposure
to pathogens [165].
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Figure 6. Steps involved in disease management in tilapia culture.

Attenuated and inactivated DNA- and RNA-type vaccines have been widely used to
treat various bacterial, viral, and parasitic diseases in fish and have been experimentally
tested in tilapia species. These vaccines can be monovalent, bivalent, or polyvalent [173-179].
Zhang et al. [180] suggested that understanding the mechanism of fish vaccination leads
to higher defensive efficiency towards pathogens. The oral injection of an engineered
formalin killed vaccine (FKV) for Streptococcus inine administered to a red tilapia hybrid
led to positive responses [181]. El tantawy and Ayoub. [182] reported that the inclusion of
turmeric in fish feed combined with whole dead A. hydrophila cells led to a 100% survival
rate in a group of A. hydrophila-infected tilapia. Table 2. shows that polyvalent vaccines
consisting of formalin-inactivated Streptococcus agalactiae, Streptococcus iniae, Enterococcus
fecalis, Francisella orientalis, and Lactococcus garvieae combined with the commercial ad-
juvant Montanide significantly increase the survival rates and immunogenicity of Nile
tilapia [183,184]. However, commercial vaccines are not available in India [185].

6.2. Antibiotics

Commercial antibiotics are widely used to treat various fish diseases. Raj et al. [186]
stated that Aeromonas veronii samples from diseased Nile tilapia exhibiting bilateral exoph-
thalmia were sensitive to the following antibiotics: chloramphenicol, cefixime or clavulanic
acid, ciprofloxacin, and kanamycin. However, the misuse or overuse of antibiotics impacts
overall fish health and causes multidrug resistance in the pathogen [187]. There are also
certain health concerns concerning the usage of antibiotics in aquaculture. For example, the
gut microbiome of tilapia should not be altered as it promotes the growth and health status
of the fish [188]. In this regard, effective technology has been developed to reduce the
unwanted impacts of antibiotics by using absorbent material that delivers the antibiotics
efficiently [189] (Table 3).
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Table 3. Usage of antibiotics in tilapia culture.

S. No

Antibiotic

Target Disease/Causative Organisms References

Florfenicol

Sulfamethoxazole

Oxytetracycline Francisellosis, motile Aeromonas septicemia, and Streptococcosis [190]

Aeromonas salmonicida, Aeromonas hydrophila, Flavobacterium
psychrophilum, Yersinia ruckeri, and Vibrio anguillarum
Aeromonas spp., Pseudomonas fluorescens, Vibrio anguillarum,

[191]

Azithromycin Flavobacterium columnare, Edwardsiella tarda, Streptococcus spp., and [192]

Enterococcus spp.
Alphaproteobacteria, cyanobacteria, Fusobacteria, and

unclassified-P-proteobacteria (193]

Erythromycin Streptococcosis [194]

Modenes et al. [195] designed a mathematical modelling system for tilapia and tetracy-
cline using an absorbent material (biochar) capable of absorbing this antibiotic and serving
as a potential delivery method. It was shown that the use of a combination of natural
compounds and antibiotics could be a method for reducing antibiotic resistance and other
adverse effects. This study confirmed that rutin obtained from Citrus sinensis, a flavonoid
compound rich in Vitamin P, combined with gentamicin exhibited better antibacterial and
anti-biofilm effects against Pseudonionas aeruginosa [196]. The study also reported that rutin
and the antibiotic florfenicol possess potential antibacterial and anti-biofilm properties both
in vitro and in vivo against Aeromonas hydrophila [197].

6.3. Immunostimulants

Herbal plants are promising agents as they stimulate fish immunity at low doses
without any side effects [198,199]. Their potential immunostimulants have significant
natural characteristics, such as possessing low molecular weight, being water-soluble and
amphoteric, and containing nitrogen molecules [200]. Immunostimulants in the form of
chemicals, drugs, and natural compounds from plants and other sources can activate the
host defense mechanisms against various disease-causing pathogens (Table 4). Bricknell
and Dalmo [201] reported that immunostimulants boost the immune system of fish dur-
ing larval development. Meena et al. [202] reported that beta-glucan can be used as a
potential immunostimulant in aquaculture as it enhances the immune performance of
fish. Beta-glucan and other immunosaccharides such as inulin, mannooligosaccharide, and
fructooligosaccharide are widely used immunostimulants and are considered prebiotics.
Immunostimulants, or immunopotentiators, improve the adaptive and innate immune
system of the host [203]. Inmunostimulants also serve as eco-friendly feed additions that
can enhance a fish’s growth and immune performance.

Table 4. Usage of herbal immunostimulants in tilapia culture.

S. No

Immunostimulant Organism Performance References

Turmeric Nile tilapia Enhances growth, immunity, and
(Curcuma longa) (Oreochromis niloticus) antioxidant status

[204]

Pumpkin seed meal
(Cucurbita mixta)

Mossambique tilapia
(Oreochromis
mossambicus)

Enhances growth, immune, and disease

resistance activity (205]

Velvet bean
(Mucuna pruriens)

Mossambique tilapia
(Oreochromis
mossambicus)

Enhances innate immunity and growth
performance

[206]

Ashwagandha Nile tilapia
(Withania somnifera) (Oreochromis niloticus)

Provides an immuno-therapeutic effect [207]
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Table 4. Cont.

S.No Immunostimulant Organism Performance References
5 Mangrove Red hybrid tilapia Enhances non-specific immune [208]
(Excoecaria agallocha) (Oreochromis niloticus) responses and disease resistance
6 Guava Nile tilapia Enhances growth, nutrient utilization, [209]
(Psidium guajava) (Oreochromis niloticus) and immune system
African wormwood Mossambique tilapia
7 iy (Oreochromis Enhances growth and disease resistance [210]
(Artemisia afra) :
mossambicus)
5 Chamomile Nile tilapia Enhances growth and immune [211]
(Matricaria chamomilla) (Oreochromis niloticus) parameters
Spanish dagger Nile tilapia Enhar}c.es. growth, hematology,
9 . S nonspecific immune responses, and [212]
(Yucca schidigera) (Oreochromis niloticus) . .
disease resistance
Oregano Red belly tilapia . . .
10 (Origanum vulgare) (Coptodon zillii) Enhances innate immunity [213]
1 Peppermint Nile tilapia Enhances hemato-immunological [214]
(Mentha piperita) (Oreochromis niloticus) parameters

Bustamam et al. [215] reported that a 2.5% inclusion of Isochrysis galbana (IG) supple-
mented as a dietary immunostimulant enhances the immune system of red hybrid tilapia. It
also increases the abundance of certain secondary metabolites such as glutamate, isoleucine,
and tyrosine. Notably, immunostimulants tend to alter the metabolomics of the fish, which
alters their metabolism [216].

6.4. Probiotics

Live microorganisms that can improve host health are collectively referred to as probi-
otics. The common probiotics used in aquaculture include the Aeromonas, Bacillus, Clostrid-
ium, Cornybacterium, Enterococcus, Enterobacter, Lactobacillus, Lactococcus, Pseudomonas, She-
wanella, Saccharomyces, and Vibrio species [122]. These potential probiotics tend to enhance
the growth and immune system of fish [217]. Essa et al. [218] reported that tilapia growth
performance and the activity of digestive enzymes such as amylase, protease, and lipase
were improved by providing Bacillus subtilis and Lactobacillus plantarum or a mixture of yeast
(Saccharomyces cerevisiae) as an alternative feed. Moreover, these probiotics were associated
with the gut microbiota and enhanced the enzymes that hydrolyze macronutrients for the
better digestion and absorption of nutrients [115]. Ghosh et al. [219] investigated the probi-
otic and antipathogenic nature of Bacillus sp. Banerjee and Ray. [220] experimented with
the antagonistic effects of Bacillus megatarium in the intestine of tilapia. Certain species of
Bacillus can degrade cellulose. Bacillus circulans isolated from the gut of tilapia increased the
fermentation of cellulose [221]. Lara-Flores et al. [222] stated that probiotics incorporated in
a diet consisting of 40% or 27% crude protein improved feed conversion ratios and weight
gain compared to a control diet. Probiotics not only promote growth but also improve
the immune system, disease resistance, and survival rate of tilapia. Aly et al. [223] fed
sample fish a mixture of Bacillus subtilis and Lactobacillus acidophilus as a probiotic, which
resulted in a significantly higher survival rate in Nile tilapia. Samat et al. [224] attempted
the administration of a probiotic via live feed. Moina micrura was used as the live feed and
Bacillus pocheonensis as the probiotic. This combination resulted in the improved health and
survival of the fish. Ringo et al. [225] reported that Bacillus amyloliquefaciens supplemented
as a probiotic in feed for tilapia modifies the gut microbiome and enriches the production of
secondary metabolites. The major criteria for the supplementation of probiotics to fish vary
based on the species and depend on the concentration, mode of administration, etc. [122].
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7. Projects Developed for The Production of Tilapia in India

Governing bodies such as the National Fisheries Development Board (NFDB) and the
Rajiv Gandhi Center for Aquaculture (RGCA) have given sustained and focused priority to
the fisheries sector through policies and financial support designed to support small-scale
farmers, women, and various centers in order to achieve sustainable fish production in
India (Table 5). The RGCA, in association with the World Fish Centre (WFC), developed
genetically improved varieties of tilapia for the betterment of fish farmers and small
householders, thereby helping to promote tilapia farming and improve local economies in
the country. The WEC also focuses on sustainable and logical breeding programs for the
tilapia industry in India [28,226].

Table 5. Projects and schemes for tilapia culture in India.

Governing . . .
S. No. Body/Funding Agencies Project Target Fish Species
Milk Fish (Chanos chanos), Asian seabass
Brackish water cage culture for (Lates calcarifer), grey mullet (Mugil
sustainable aquaculture in coastal cephalus), pearlspot (Etroplus suratensis),
regions of India Nile tilapia (Oreochromis niloticus), silver
pompano (Trachinotus blochii)
1. NFDB Demonstration of azolla production
for tilapia feed supplement in —
Madhavaram, TNJFU Campus, GIFT Tilapia
Tamil Nadu
Backyard Recirculatory I . .
Aquaculture System Monosex tilapia, Pangasius valenciennes
Establishment of a satellite nucleus of
RGCA the GIFT strain at RGCA to support
working in association tilapia production in India: Phase I
2. with (WEFC) (2011-2016) GIFT Tilapia
to enhance the genetic Establishment of a satellite nucleus of
strains of tilapia. the GIFT strain at RGCA, India:

Phase IT (2019-2023)

The Indian government’s policies and goals for the fisheries sector have been strength-
ened by FAO activities. The Bay of Bengal Program (BOBP), a regional fisheries program
created by FAO, is centered in Chennai, India [13]. Through collaboration with global
aquaculture and fisheries allies, India is contributing to the share of global public goods,
including by sharing its expertise in agriculture (aquaculture) and rural development with
other developing countries. In 2022, the Indian government launched Pradhan Mantri
Matsya Sampada Yojana (PMMSY) to form a blue revolution by enhancing the sustainable
development of fisheries and aquaculture (Figure 7). This program creates various em-
ployment opportunities. In addition, this program is collaborating with various private
organizations such as Fountainhead Agro Farms Private Limited to enrich the production
of tilapia using Israeli technology.
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Figure 7. The schematic representation of aims and expected outcomes of centrally sponsored
scheme (PMMSY) with the potential to increase aquacultural productivity, exportation, and
employment opportunities.

8. Blue Economy—Future Perspectives

The blue economy is critical to tilapia production and is predicted to grow dramatically
in the upcoming years. The tilapia sector is under pressure to enhance its productivity
while reducing environmental concerns as the demand for food increases [227]. With the
global population estimated to exceed 9 billion by 2050, the tilapia sector will be critical
in fulfilling the increasing need for protein. The future of tilapia production is bright
because of several elements that support the rise of the blue economy [228]. This review
has highlighted the critical factors defining the tilapia industry’s future. To begin with,
technological advances in tilapia farming have revolutionized the sector. Conventional
agricultural practices are no longer appropriate for today’s commercial market needs. The
Blue Economy has created new prospects for international commerce, which has led to
greater growth in the tilapia sector. Foreign investment is being driven by rising global
consumer demand, and trade agreements are simplifying market access for many nations.
Furthermore, the increasing demand for live fish, such as tilapia, gives providers additional
potential to develop the market beyond the commonly sold frozen fish. In summary, the
future of tilapia production from the perspective of the blue economy seems promising.
Technological advancements, advances in fish feed production, shifting consumer habits,
and possibilities regarding international commerce are all contributing to this expansion.
The industry’s sustained growth should help to drive economic development and food
security by fulfilling the rising consumer demand for healthy, sustainable foods.

9. Conclusions

In India, aquaculture is a promising economic activity and a rising sector with wide
resources and potential. The vibrancy of the aquaculture sector could be visualized as a
drastic advancement in the field of aquaculture, which India has achieved in past decades.
Tilapia significantly contributes to the total share of aquaculture exports in India, which
boosts the country’s economy. With recent breakthroughs in aquacultural technology and
improvements in the diets of tilapia, there has been constant advancement in tilapia output,
leading to the sustainable development of Indian aquaculture. Tilapia cultivation may be
an economically feasible choice for aquaculture production in various locations of India, as
long as suitable investment and management practices are employed. The Rajiv Gandhi
Centre for Aquaculture (MPEDA, Ministry of Commerce and Industry, Government of
India) has established a tilapia project and breeding program focused on the use of potential
GIFT strains to improve production conditions in India in collaboration with the WFC,
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Malaysia. The NFDB of India was formed in 2006 and is an autonomous body under the
Ministry of Fisheries, Animal Husbandry, and Dairying of the Government of India that
seeks to promote and encourage tilapia farming. Still, farmers are facing difficulties related
to disease management while culturing tilapia, necessitating the provision of vaccines for
longer-term protection and low-cost vaccines that increase mucosal immunity. Various
technologies and tools are available that can support the future of aquacultural production
and the betterment of the country’s economy and food supply. The policy making regarding
tilapia aquaculture in India not only aspires to promote economic value but also concerns
ensuring national and global food security, diminishing malnutrition, and reducing poverty.
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