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Abstract

Aquaculture (sustainable fish farming) is necessary to ensure food security in the
world, economic growth, and environmentally friendly practices. With the current
decrease in the availability of wild fish as a result of overfishing and degradation
of the ecosystem, fish aquaculture has become an important alternative source of
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protein. The sustainability of fish farming in the long term, however, will be based
on the ability to balance between financial profitability, social fairness, and
environmental conservation. This review examines socio-economic advantages of
sustainable aquaculture, including job creation, income generation, and food
security especially in the rural setting. It is also responsive to the environmental
issues, such as water pollution, and resource depletion, and biodiversity. We
examine fish farming activities in the world with a focus on effective practices and
the major forces and obstacles to sustainability. In addition, the policy
suggestions and technological solutions offered in the review include integrated
multi-trophic aquaculture (IMTA), recirculating aquaculture systems (RAS), and
smart monitoring tools to enhance the efficiency of resources and reduce
environmental impact. Through these strategies, the aquaculture industry can
become an inclusive industry, enhance food security and help to protect the

systems (RAS), smart
monitoring tools, sustainable
future
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Introduction

Aquaculture more specifically fish farming, is a major branch of the larger aquaculture industry, which is concerned
with the controlled breeding, rearing and harvesting of fish to satisfy human consumption as well as commercial and
other industrial purposes. It also encompasses numerous different farming techniques, such as the farming of
freshwater and marine species such as tilapia and trout, and salmon, shrimp, and shellfish. With the influx of people
on earth ever increasing and the inclination of eating more proteinous food, fish farming has become a fundamental
necessity of ensuring food availability and satisfying the world nutritional needs (Shadab, 2024). Aquaculture has
been growing at a high rate due to a complex mixture of factors. The growing world protein demand, especially the
demand of animal protein, is one of the main forces since the diets of developing and emerging economies are
shifting towards more meat and fish consumption. Fish is a good and high-quality source of protein and has all of the
essential nutrients; omega-3 fatty acids, vitamins, and minerals and thus plays an important role in the human diet.
Additionally, fish farming will offer an alternative to the wild capture fisheries which are under intense pressure due
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to the overfishing, global warming, and destruction of habitat. The depletion of wild fish stock has also raised the
issue of sustaining alternative sources of fish that are viable in a sustainable manner. In 2022, the world aquaculture
was astonishing, with a production of 80 million tonnes, and it almost covers half of all fish consumed by humans in
the world. The overall economic impact of the aquaculture industry is constantly increasing with fish farming gaining
significant economic influence on the economies of most countries especially in the rural regions where other
agricultural practices may not be so viable (Stephenson et al., 2018). The industry does not only contribute to the
generation of significant revenues, but also contributes millions of employment opportunities to people all over the
world, including fish farmers, hatchery employees, fish processors, distributors and marketers. Sustainable fish
farming practices are currently being encouraged in order to reduce these environmental issues. These practices
would focus on maximizing the use of resources, decreasing wastage and decreasing the effects to the local
ecosystems. Such technologies as Recirculating Aquaculture Systems (RAS), a system of filters and reuse of water, or
Integrated Multi-Trophic Aquaculture (IMTA), a system of species interaction of several species of different trophic
levels to absorb waste products, are contributing to reducing the environmental footprint of fish farming. Also, the
newer technology in feeds like plant-based feeds and better feed conversion ratios is rendering fish farming more
efficient and resource-efficient (Arshad et al., 2024).

Social-economic aspect of sustainable fish farming is also critical towards its success. Fish farming has
substantial economic potential particularly in the rural and coastal settings. It builds jobs and a means of living of the
millions of people across the world, the small-scale and the commercial operators. Fish farming can also reduce
poverty, enhance food security, and rural development by diversifying the source of income. Aquaculture is discussed
as an important economic activity which sustains the local economies in most areas, particularly where the
traditional agriculture sector cannot supply enough income. Although fish farming can have good effects, it also has
adverse social effects especially when it is not controlled. Problems like tenure disputes, child labor and poor working
conditions may also be experienced especially where huge operations are involved (Bhagat et al., 2024). Thus, this
review will explore the socio-economic benefits of sustainable aquaculture, such as job creation, income generation,
and enhanced food security, particularly in rural areas.

2. Methodology

The review was carried out based on a systematic search of peer reviewed journals, global policy publications, and
technical publications of 2010 to 2025 on the use of such relevant keywords as sustainable aquaculture, economic
impact, social development, environmental challenges, and policy frameworks. The articles used offer a detailed
analysis on social economic implications, environmental issues, and new trends in aquaculture. The synthesis of data
was carried out to reflect multidimensional factors of sustainability in fish farming systems in a variety of
geographies including, small-scale, extensive fish farming systems, and large and high-tech systems (Agry et al.,
2023; Bunting, 2024; Shadab, 2024). Also, local practices and innovations to achieve sustainability were learned
through case studies and regional reports.

3. Global Trends in Fish Farming Systems and Socio-Economic Dimensions

3.1. Global Trends in Aquaculture Systems

There are diverse aquaculture systems as far as their technology and environmental footprint are concerned. The
international market of fish farming is covered by a diversity of different systems depending on the intensity of input
and the level of technology. Large systems are normally low input systems which are based on traditional pond
culture and are usually found in rural areas particularly in developing countries. These systems operate on natural
food supply and usually have low stocks. This means that they can use minimum external inputs, and they have less
impact on the environment, yet they are also less likely to yield as good as their more intensive counterparts
(Wardani and Yasin, 2024).

3.2. Semi-intensive systems

Semi-intensive systems are those systems that lie between the extensive and intensive systems, with increased
density of stocks and also additional feeding. The systems provide a trade-off between productivity and
environmental sustainability. They are usually applied in areas where there are little space or resources yet there are
needs to have great management in order to maximize production as well as reducing adverse effects to the
environment. Conversely, intensive systems are very much mechanized and use high technologies to produce fish to
the maximum area. These systems are defined by high densities of stocks, and intensive dependence on formulated
feeds and usually with good management practices in order to maximize growth rates. Although intensive systems
are very productive, they have increased chances of environmental degradation because of run off of nutrients,
resultant accumulation of waste materials, and outbreak of diseases (Bunting, 2024).

3.3. Recirculating Aquaculture (RAS)

Recirculating Aquaculture (RAS) have become increasingly popular over the past few years since they can also
manage the water quality and reduce its environmental release, thus becoming more sustainable in regions where the
access to freshwater is limited. The RAS systems are also effective in areas where water shortage is an issue because
they recycle water by use of filtration and treatment processes that can have minimal impact on the environment. It
is also a technology that enables the increased control of the water condition, thereby enhancing fish health and
productivity (Taoumi and Lahrech, 2023).
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All these systems have very different groups of species that have different requirements in terms of water
quality, feed, and space. Tilapia, barramundi, pangasius, and shellfish are some of the common species that are
grown. The species used is based on the market needs in each region, environment, as well as agriculture. With the
ever-changing nature of fish farming systems, technological advancement and better management practices are
highly significant in ensuring the enhancement of the sustainability and productivity of the systems and
minimization of environmental effects (Pratiwy et al., 2024).

3.4. Socio-Economic Dimensions

3.4.1. Economic Contributions

Aquaculture plays a major role in the economy of a country particularly a country where fish forms a main source of
protein. The aquaculture industry in the world is not only contributing to the provision of food, but also enhancing
economic development through creation of jobs and increasing local economies. Aquaculture is a vital source of
income to rural dwellers in most developing countries, and this has helped farmers to have a variety of income
streams, and also enhance food security (Taiyebi et al., 2024).

The industry also plays a role in the formal and informal economies where the fish farming is supported by
local businesses and services in terms of feed, hatchery, processing, and marketing. Also, aquaculture is a source of
trade at the national and international level with most countries selling farmed fish to the international markets. An
example is that of countries such as Vietnam and China which are big producers of tilapia, and Norway and Chile
which lead in farmed salmon. Such trade relations contribute to the economic growth, the development of
international cooperation and the maintenance of the world food security. The role of aquaculture in supplementing
the increasing demand of animal protein is also important, as it is an alternative to the conventional livestock
rearing, which is of higher costs to the environment and resource-demanding practices. Production of high quantities
of fish in controlled conditions is beneficial in ensuring a consistent supply of inexpensive seafood that is necessary in
sustaining the population of the world (Biswas et al., 2018).

3.4.2. Social Benefits

Fish farming systems offer a lot of social good particularly to rural populations where other sources of livelihoods
might not be available. Aquaculture can alleviate poverty, improve livelihoods, and food security by providing jobs in
fish farming, processing and other activities. It, in most instances, acts as a safety net to households in the rural and
coastal areas especially in a locality where other economic prospects are minimal. Moreover, female workers are very
much involved in most of the aquaculture systems, where they work at the post-harvest processing, marketing, and
sales. This gender inclusive policy promotes household income in addition to improving economic independence and
empowerment of women (Fernandez-Zatrate et al., 2025). In most societies, women constitute the main work force
in aquaculture where they are in charge of the daily running of fish farming activities and are also involved in the
local decision-making process (Table 1).

Table 1: Socio-Economic Benefits of Sustainable Aquaculture

Benefit HDescription HImpact on Rural Communities
. Aquaculture provides employment in fish Creates jobs for local populations, reducin:

Job Creation qua prov proyme! ) pop &

farming, processing, and marketing. rural unemployment.
Income Diversifies income sources for farmers through  |[Increases household income, contributing
Generation fish production and sales. to economic stability.

. Fish farming improves access to affordable, Enhances nutrition and food access in

Food Security . .

protein-rich food. rural and coastal regions.
Community Supports infrastructure improvements like roads, ||[Boosts local infrastructure, benefiting both
Development water systems, and electricity. farmers and communities.
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Figure 1: Global Trends in Fish Farming Systems and Socio-Economic Dimensions

4. Environmental Dimensions

4.1. Efficiency of Resources and Carrying Capacity

The use of resources including water, feed, and energy is to be maximized in sustainable fish farming. The efficiency
of resources is important in ensuring that the impact on the environment is kept minimal and a large portion of this
can be done through; enhancing the feed conversion ratios (FCR) that is the ratio of the quantity of feed to the
quantity of fish biomass. The increase of FCR results in increased feed costs and waste generation which may pollute
the water. Another important consideration is the carrying capacity which is the quantity of biomass a system is able
to maintain without ending up causing environmental degradation. The sustainable systems should be able to
balance between production and the ability of the environment to absorb waste and nutrients (Schoor et al., 2023).

4.2. Water and Nutrient Pollution

Common pollutants of the fish farming systems are excess nutrients especially nitrogen and phosphorus. Such
nutrients usually originate in uneaten feed and fish excreta, and may elevate eutrophication of the neighbouring
water bodies causing adverse algal boom and oxygen loss. To alleviate these effects, sustainable fish farming systems
have laid emphasis on enhancement of watershed systems by integrating recirculating water aquaculture systems
(RAS) which recycle water and minimize effluent discharge. Moreover, Integrated Multi Trophic Aquaculture (IMTA)
that was introduced to fish as a combination with other species (bivalves and seaweed) can assist in recycles, and
thereby, the ecological footprint of fish farms is minimized (Serge, 2021).

4.3. Biodiversity and Habitat Impacts

Fish farming can have significant impacts on biodiversity, particularly when it involves the conversion of sensitive
coastal and wetland ecosystems for pond culture. The destruction of mangroves and marshlands has been a
significant concern in regions like Southeast Asia and Latin America, where large scale shrimp farming has led to the
loss of valuable coastal habitats. Sustainable siting of fish farms and adherence to environmental zoning regulations
can help minimize habitat destruction and preserve biodiversity. Furthermore, farmed fish should be managed to
avoid the spread of diseases and escape into the wild, which can harm native populations and ecosystems (Charles,
2023).

4.4. Disease and Genetic Interactions

Fish farming systems are vulnerable to diseases, particularly in high-density operations. Pathogens can spread
rapidly through crowded environments, and antibiotic use can contribute to antibiotic resistance, which can affect
both farmed and wild fish populations. Additionally, escaped farmed fish may interbreed with wild populations,
potentially threatening the genetic diversity of wild species. Sustainable aquaculture practices must incorporate
biosecurity measures to prevent disease outbreaks and escapees. This includes proper breeding and genetic
management to ensure farmed fish are genetically distinct from wild fish and that they do not contribute to genetic
dilution in wild populations (Meena et al., 2024).
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Table 2: Environmental Challenges and Strategies in Sustainable Aquaculture

Environmental
Description Strategy for Mitigation
Challenge P By 5
Excess nutrients, organic waste, and Implementing Recirculating Aquaculture
‘Water Pollution chemicals from aquaculture systems Systems (RAS) to minimize water discharge
contaminate surrounding water bodies.  |land reduce pollution.

Aquaculture systems, particularly
intensive ones, can harm local biodiversity
due to disease spread, escapes, and
habitat destruction.

Promoting Integrated Multi-Trophic
Aquaculture (IMTA) to enhance biodiversity
and minimize ecosystem disruptions.

Biodiversity Loss

Resource Overuse Intensive fish farming requires high Optimizing feed conversion efficiency and
(Water, Feed, amounts of water, feed, and energy, using smart monitoring systems to reduce
Energy) putting pressure on natural resources. resource consumption.

Fostering biosecurity measures and

High stocking densities can lead to . . . .
integrating disease management practices, such

Disease and . . .
disease outbreaks, increasing the need for

Antibiotic Use e . as vaccination and genetic selection for
antibiotics and chemicals. . .
disease resistance.
Changes in water temperature and salinity||Developing climate-resistant fish breeds
Climate Change affect fish health, productivity, and farm |jand adopting climate-smart farming

viability. practices to adapt to changing conditions.

5. Policy, Governance, and Institutional Dimensions

5.1. Regulatory Frameworks

Well established regulatory structure is needed to ensure that the activities of fish farming are sustainable and they
do not negatively impact on the environment. Governments should develop and enforce policies that govern the
quality of feed, waste management, preventive measures against diseases and protection of habitat. The social side of
aquaculture should also be covered with regulations, which should provide the local community with the benefits of
fish farming in terms of jobs and social services. These rules and regulations are best enforced and monitored in
order to stop the illegal or uncontrolled farms that pose a risk when not met (Sanon et al., 2021).

5.2. Stakeholder Engagement

Effective aquaculture systems must involve more than just the farmers, local people, governmental structures and
NGOs. The stakeholder participation will assist in ensuring that the process of developing aquaculture is directed
towards the local needs, reduced conflicts, and the maximization of benefits to all the stakeholders. Communitarian
work can also result in the creation of superior policies, better management activities and monitoring of
environmental and social effects (Matelong, 2019).

5.3. Financing and Incentives

Availability of finance is among the major impediments to the growth of sustainable aquaculture especially in the
developing societies. The high upfront costs of more sustainable technologies, including RAS or IMTA systems are
usually an obstacle to farmers seeking to obtain funding to implement these systems. Government subsidies like
green technologies, low-interest loans or tax credits on green practices can be used to support sustainable fish
farming. Also, microfinance opportunities to small scale farmers may facilitate innovation and can be used to aid in
enhancing the lives of the rural population (Agry et al., 2023).

5.4. Integrated Multi-Trophic Aquaculture (IMTA)

IMTA is an environmentally sound strategy that uses the same system to grow various species at various troic levels
e.g. fish, shellfish, and seaweed. This is an efficient way of making recycling of nutrients, waste reduction, and
environmental effects through the development of a self-regulating and balanced ecosystem. Shellfish filter and
extract surplus nutrients such as nitrogen and phosphorus whereas the seaweed attaches these nutrients and gives
them oxygen. IMTA is also a solution to sustainable aquaculture, as it boosts the productivity of farms through
diversification of the income stream, decreases dependence on artificial feed, and improves biodiversity (Hossen,
2024).

5.5. Recirculating Aquaculture Systems (RAS)

RAS is a closed-loop recycling water system where filtered, cleaned and recirculated water is used; hence, more water
is used and relatively less waste is discharged. The technology is suitable in regions where there is low availability of
freshwater or high environmental policies. RAS helps to enhance the health of fish and minimize disease incidences
by keeping the water at its best quality, which enhances sustainable and resilient agriculture. The initial investment is
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great, but the long-term benefits of RAS are high, such as higher efficiency of water use, less impact on the
environment, and biosecurity (Lloyd Chrispin et al., 2024).

5.6. Smart Monitoring and Precision Aquaculture

Innovations such as sensors, artificial intelligence, and automated feeding have transformed fish farming by allowing
real-time tracking of the parameters of water quality (e.g., temperature, dissolved oxygen, pH). Al interprets the data
to make the situation optimal, and anticipate problems, which will enable farmers to act beforehand. Automated
feeding systems help in lowering wastages by offering accurate feed quantities which enhance feed to ratio as well as
lowering environmental effects. These technologies help in improving the efficiency of resources, minimising wastes,
and overall sustainability and profitability of aquaculture (Bunting, 2024).

6. Challenges and Barriers

Sustainable fish farming has a number of challenges despite its numerous advantages. The barrier of high initial
investment cost of advanced technologies such as RAS, IMTA systems is a great barrier to the smallholder farmers.
Also, due to the lack of access to technical training and extension services, the adoption of the best practices is
hampered. Another issue that is becoming more significant to fish farming activities is climate change, which has the
possibility of changing the temperatures of water and disturb the ecosystems. The enforcement of the regulations is
weak in many cases especially in the developing countries; the illegal farms can be the cause of the degradation of the
environment. Lastly, market dynamics and trade barriers make the economic stability of aquaculture industry hard.

7. Recommendations for sustainable development

Encourage Ecosystem-Based Solutions: Among the recommendations is the need to adopt ecosystem-based solutions
including the use of Integrated Multi-Trophic Aquaculture (IMTA), and other integrated solutions capable of reusing
nutrients and reducing wastage. The inclusion of different species across various trophic levels is a way through
which IMTA can be used to develop a more acceptable and sustainable eco-system within fish farming systems. This
will not only minimize the environmental effect of the nutrient overloads in the water, but will boost productivity by
diversifying the income streams by having different species such as shellfish and seaweed among other fish. Enhance
Policy enforcement: The other intervention that would be important is the strengthening of policy implementation
and enhancement of the regulatory mechanisms that govern fish farming. Governments should come up with and
implement stringent policies that can ensure sustainability in the aquaculture industry. This involves developing
proper water quality management, waste management, feed management, and disease control guidelines. There
should be improved monitoring systems that will make sure that these regulations are adhered to and the
enforcement mechanisms should be strong enough to prevent non-adherence. An effective policy framework would
assist in mitigating the threat of environmental degradation by the poorly managed fish farms and create
transparency and accountability in the sector. Support Smallholder: One of the key suggestions is to encourage small-
scale fish farmers by providing them with financial support, technical training, and access to the market. The
smallholder farmers, particularly in the developing nations, are usually affected by factors like inaccessibility to
capital, technology and market which makes it difficult to implement the sustainable practices. To enable the
smallholders to adopt better and more efficient farming systems that are also greener, financial assistance through
low-interest loans or subsidies given on the sustainable technologies can assist. Also, by providing technical training
to enhance the fish farming activities, as well as assisting them to gain entry into the local and international markets,
the livelihoods of such farmers can be greatly enhanced. Small scale fish farmers are critical to the food security; their
welfare will be guaranteed by providing them with the necessary assistance to share the benefits of the aquaculture
sector.

36

Copyright © 2026 the Author (s). This open access article is distributed under Creative Commons Attribution License 4.0 (CC BY).



International Journal of Frontier Science and Multidisciplinary Research (IJFSMR) ISSN: Awaiting

£) ECOSYSTEM-BASED SOLUTIONS
& C 5
Adopt Integrated Integrate Reuse Nutrients Boost Minimize
Multi-Trophic Species Across and Reduce Productivity and Environmental
Aquaculture Trophic Levels Waste Diversify Income Impact
,
(| © poucy enroncenent
Start
Aquaculure e
Interventions .
Regulations
Continuoys
mproveme
Implement
Monitoring
Systems &) S Achieve
Strengthen Prevent Sustainable,
. and
. and & fr
Mechanisms - Degradation Equitable
Accountability Aquaculture
J
/23, SMALLHOLDER SUPPORT
Provide
Financial Support
m Ongoing Supgort
Offer Technical
= =
Enable Adoption Enhance |
of Liveli -
l Practices Food Security ’

Figure 2: Conceptual flowchart depicting the integrated recommendations for achieving sustainable
development

8. Conclusion

Sustainable fish farming is crucial to the provision of a world that can fulfill the increasing food demands in the world
besides preserving the natural ecosystems and promoting economic growth. With the world population growing and
the natural resources overloading, sustainable fish farming is the means of providing seafood with minimum
environmental impact. Fish farming can have a lesser negative effect on the environment by taking environmental
friendly practices. As an example, water and waste conservation and better nutrient cycling can be achieved by using
technologies such as the Recirculating Aquaculture Systems (RAS) and Integrated Multi-Trophic Aquaculture
(IMTA). These are some of the practices which can be used in ensuring that fish farming does not deteriorate the
ecosystem around it. Another important aspect of sustainability is the efficiency with which the resources are used.
This entails the maximization of resource utilization such as water, feed and energy so as to maximize productivity
and reduce wastage and external input. Through this, farms will be able to save costs and environmental impacts
thus fish farming will be economically viable in the long run. Moreover, fair economic benefits imply that fish
farming must avail the opportunities to all stakeholders, such as smallholder farmers, women and rural population to
gain economic benefits of the industry. This would be done by providing equitable access on resources, training and
opportunities in the market hence social inclusion and poverty alleviation in rural regions. Lastly, the policy
frameworks, and the partnership of stakeholders are required to support fish farming at scale. Governments,
industrial bosses and communities, should collaborate to establish laws and enabling mechanisms that encourage
environmentally friendly practices, equitable economic gains and social participation.

Sustainable Aquaculture: Balancing Our Plates and Our Planet
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