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Abstract

Aquaculture is the farming of aquatic organisms that has gained a significant share in the global food industry. The growth 
of aquaculture has led to economic development, job creation, and improved food security in many countries. Aquaculture 
production now rivals wild fish capture, and it is expected to continue growing in the future. Despite its potential benefits, 
aquaculture is still facing various challenges such as disease outbreaks, environmental degradation, and access to resources. 
This review article provides insights into the current state of aquaculture, its importance, and challenges in ensuring 
sustainable production. Aquaculture is a significant contributor to the world's supply of protein-rich food. However, the 
demand for fishmeal and fish oil as feed ingredients for farmed fish has a significant impact on wild fish stocks, particularly 
forage fish. This review article examines alternative feed ingredients that could replace forage fish as a major source of protein 
and oil for aquaculture feed, with a focus on their nutritional value, sustainability, and economic feasibility.
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Introduction

Aquaculture is an important source of food production; 
it accounts for over half of the fish consumed globally [1]. 
Advances in technology and management practices have 
made it possible to produce a diverse range of aquatic species 
such as fish, mollusks, and crustaceans in different aquatic 
systems. Aquaculture has become increasingly popular 
due to its numerous benefits, including economic growth, 
employment opportunities, and improved food security [2].
 

Importance of Aquaculture

Aquaculture has become an important source of food 
and income for coastal communities worldwide [3]. In many 
developing countries, aquaculture has played a critical role 

in poverty alleviation, providing employment and generating 
income for smallholder farmers [4]. Aquaculture also helps 
to address the increasing demand for seafood, providing 
a sustainable source of high-quality protein that helps to 
improve food security [5]. Furthermore, it can minimize 
pressure on wild fish populations, protect biodiversity, and 
improve natural resource management [6].

Challenges to Sustainable Aquaculture:

Despite the benefits, aquaculture still faces some 
significant challenges that must be addressed to ensure 
sustainable production. One of the significant challenges 
is disease outbreaks, which can cause significant economic 
losses for farmers and affect food security. Disease outbreaks 
result from overcrowding, poor water quality, and the 
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introduction of diseased animals. Various innovations, 
including the use of vaccines, biosecurity measures, and 
improved management practices, have been developed to 
prevent or limit disease outbreaks [7].

Environmental degradation is another major challenge 
in aquaculture [8]. Intensive systems may result in the 
release of nutrients and antibiotics into local water bodies, 
leading to water pollution and decreased dissolved oxygen 
levels. This may damage nearby ecosystems, including 
wetlands, mangroves, and coral reefs. The industry must 
develop strategies to minimize the environmental impact 
of aquaculture, including the use of more sustainable feeds, 
improved waste management practices, and environmentally 
friendly systems [9].

Access to resources such as land, water, and feed is 
another major challenge to sustainable aquaculture. The 
cost of inputs such as feed, land, and water remains high, and 
the increasing demand for aquafeeds has also driven up their 
cost. Innovations in feed manufacturing, including the use of 
alternative ingredients, and the development of improved 
aquaculture systems can help reduce the costs of production 
[10].

Aquaculture is seen as a significant means of 
supplementing declining wild fish stocks and providing food 
security to the increasing world population. Aquaculture is 
also a significant source of employment and income for many 
coastal communities around the world. Its potential for 
fulfilling the need for food security and economic development 
is enormous. However, the success of aquaculture is limited 
by several challenges, like disease outbreaks, environmental 
degradation, and access to resources [11].

Environmental Degradation

The environmental degradation caused by aquaculture, 
mainly in intensive systems, is a major concern in the industry. 
Aquaculture activities may lead to eutrophication, which is 
caused by excessive nutrient loading into the surrounding 
environment, resulting in the production of harmful algal 
blooms and decreased dissolved oxygen levels. Excessive use 
of antibiotics also contributes significantly to water pollution 
and antibiotic resistance [12].

Increased Disease Prevalence

Another significant challenge for aquaculture is the 
increased prevalence of diseases due to overcrowding, 
inadequate water quality, and the introduction of non-native 
species. Disease outbreaks lead to economic losses for 
farmers across the world, contributing to significant impacts 

on food security. Aquaculture systems must be designed to 
limit the transmission of diseases. This involves enhancing 
stock management practices and monitoring the quality of 
water in culture systems [13].

Access to Limited Resources

Finally, access to limited resources like water, feed, 
and land has become another challenge in the aquaculture 
industry. Feed accounts for over 50% of aquaculture 
production costs, making up a significant share of operational 
expenses. Innovations are necessary to reduce the use of 
non-renewable resources, allowing farmers to meet the 
rising demand for food while minimizing their impact on the 
environment [14].

Benefits and Limitations

Aquaculture has emerged as a crucial source of food 
production in recent years, with its global market value 
exceeding $250 billion. The sector has provided a range of 
economic, social, and environmental benefits, including 
improved nutrition, job creation, and ecosystem conservation. 
However, the growth and expansion of the aquaculture 
industry also raise concerns regarding the sustainability and 
the impact on natural resources [15].

Benefits of Aquaculture

Aquaculture presents a sustainable solution for 
increasing the global supply of fish while reducing the 
pressure on wild fish populations. The sector helps to 
maintain biodiversity by reducing overharvesting of wild fish 
populations and providing opportunities for conservation 
efforts. Additionally, aquaculture has become a critical source 
of income for coastal communities worldwide, creating job 
opportunities and supporting the livelihoods of small-scale 
farmers and fishermen. The practice also provides healthier 
and safer food alternatives, as farmed fish are often free from 
harmful toxins and impurities compared to wild-caught ones 
[16].

Limitations of Aquaculture

Aquaculture also presents significant limitations, 
including the spread of infectious diseases, environmental 
degradation, and access to resources. Disease outbreaks 
may occur due to overcrowding and the lack of effective 
biosecurity measures, adversely affecting fish health and 
economic losses for farmers. Unplanned expansion of farms 
may result in habitat degradation, ecosystem fragmentation, 
and pollution, diminishing the viability of natural resources. 
Additionally, the production of feed and the use of pesticides 
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in aquaculture farming may increase nutrient loading, 
contaminating soil, water, and air resources [17].

Pharmaceutical Applications

Aquaculture is the farming of freshwater and marine 
organisms, including fish, crustaceans, and shellfish, in 
controlled laboratory or outdoor environments. Although 
the industry has numerous benefits, achieving profitable 
and sustainable production can be challenging. Fish diseases 
and infections are a significant challenge and can cause 
significant economic and environmental losses. The use 
of pharmaceuticals in aquaculture has been essential in 
managing and preventing diseases [18].

Applications of Pharmaceuticals in Aquaculture

Pharmaceutical interventions in aquaculture include 
a wide range of medical treatments administered through 
feed, injection, or immersion. Antibiotics, antifungal agents, 
antiparasitic agents, and vaccines are commonly used to 
prevent, treat, and control disease outbreaks common in 
aquaculture. In addition, probiotics and nutrient supplements 
are used to enhance the immune system of fish, promote 
growth and overall health. The use of these interventions 
depends on the pathogens’ susceptibility, the severity of the 
disease, and the welfare of the fish [19].

Benefits of Pharmaceutical Applications in 
Aquaculture

The application of pharmaceuticals in aquaculture is 
essential in maintaining the health and productivity of fish 
populations. Many diseases can cause severe economic and 
environmental losses, including high mortality, reduced 
growth rates, and poor aquaculture management practices. 
The use of antibiotics and vaccines can prevent and control 
bacterial infections and limit the transmission of diseases 
between fish populations. The use of probiotics and nutrient 
supplements also improves the gut microflora of fish and 
increases nutrient absorption, resulting in better growth and 
overall health [20].

Limitations of Pharmaceutical Applications in 
Aquaculture

Despite their benefits, the use of pharmaceuticals in 
aquaculture has limitations. The misuse of antibiotics can 
result in the development of antibiotic-resistant bacteria, 
leading to the transfer of antibiotic resistance genes to 
humans through contaminated food and water. Overuse and 
indiscriminate use of antibiotics can also cause environmental 
contamination and contribute to the overall rise in antibiotic 

resistance. Antibiotic residues in fish products can also pose 
a threat to human health [21].

Economic Considerations

Aquaculture is a rapidly growing sector that plays a 
critical role in meeting the increasing global demand for fish 
and seafood. It is a source of protein and income for millions 
of people worldwide, providing significant economic benefits 
to both developed and developing economies. As with any 
industry, the economic considerations of aquaculture are 
complex and multifaceted. Understanding these economic 
factors is essential to achieve sustainable and profitable 
production [22].

Production Costs

Production costs in aquaculture can vary depending 
on factors such as production type, location, species, and 
technology used. Capital investments in infrastructure, 
equipment, and workforce can be significant, making cost 
management crucial. Feed costs are the most significant 
expenses in aquaculture, accounting for up to 80% of 
production costs. Other expenses include labor, energy, water, 
and veterinary services. Reducing production costs through 
efficient management practices, technology adoption, 
and resource optimization can significantly improve the 
industry’s economic sustainability [23].

Market Demand

Market demand is a crucial economic factor in 
aquaculture. Consumers worldwide are increasingly 
preferring fish and seafood as a source of protein due to 
their health benefits. The industry’s growth is expected 
to continue, driven by the increasing global demand for 
seafood. Market demand also affects the pricing strategy of 
aquaculture products. Aquaculture producers must balance 
their production costs with market prices while considering 
the availability of substitutes, regulatory requirements, and 
customer preferences [24].

Pricing Strategies

Product pricing is an essential consideration in 
aquaculture. Underpricing can result in financial losses, 
while overpricing can lead to lower market demand and 
reduced revenue. Pricing strategies can vary, depending on 
the production type, customer segment, and location. In 
some cases, certification schemes, such as the Aquaculture 
Stewardship Council (ASC) or the Global Aquaculture 
Alliance’s Best Aquaculture Practices (BAP), can increase 
the value of aquaculture products by assuring consumers of 
environmental and social sustainability [25].
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Aquaculture and traditional agricultural practices are 
the two primary methods of food production worldwide. 
While traditional agriculture focuses on cultivating crops and 
raising animals on land, aquaculture entails the cultivation 
of aquatic organisms such as fish, shellfish, and seaweed. 
The choice between these two methods of food production 
depends on several factors such as availability, accessibility, 
production costs, environmental impacts, and cultural 
preferences. This review article aims to provide an overview 
of the differences between aquaculture and traditional 
agricultural practices, including their respective advantages 
and disadvantages [26].

Aquaculture offers several advantages over traditional 
agricultural practices. First, it has a smaller environmental 
footprint, requiring less land and water compared to 
traditional farming practices. Aquaculture can also be carried 
out in environments that are not suitable for traditional 
agriculture, such as coastal or marine areas. Additionally, 
aquaculture products have a high nutritional value and are 
a rich source of essential fatty acids, proteins, and other 
micronutrients [27].

Challenges of Aquaculture

Despite its advantages, aquaculture poses several 
challenges that need to be addressed. One significant 
challenge is the potential for environmental pollution from 
fish waste and the use of chemicals and antibiotics. This 
can lead to the degradation of water quality, proliferation 
of fish diseases, and negative impacts on the surrounding 
ecosystems. There is also the risk of escapes of farmed fish, 
which can harm wild populations and disrupt local food 
webs. Managing these risks requires proper regulatory 
frameworks and sustainable management practices.

Advantages of Traditional Agricultural Practices

Traditional agricultural practices have been the primary 
source of food production for thousands of years and have 
several advantages. They provide a wide variety of crops 
and animal products, including grains, fruits, vegetables, 
and meat. Traditional agriculture also supports rural 
livelihoods, contributing to income generation and poverty 
reduction in many communities worldwide. Additionally, 
traditional agriculture promotes biodiversity, preserves 
cultural landscapes, and is an essential part of many cultural 
practices.

Challenges of Traditional Agricultural Practices

A significant challenge of traditional agriculture 
is its impact on the environment. Land-use changes, 
deforestation, and intensive farming practices can lead to 

soil degradation, water depletion, loss of biodiversity, and 
increased greenhouse gas emissions. Traditional agriculture 
also faces challenges related to food safety and security, as 
changing weather patterns and natural disasters can lead to 
crop failures and food shortages.

Potential for Sustainable Food Production

Both aquaculture and traditional agricultural practices 
have the potential for sustainable food production. 
Sustainable aquaculture practices can help reduce pressure 
on wild fish populations, preserve marine ecosystems, and 
contribute to food security. Similarly, sustainable traditional 
agricultural practices that promote soil health, biodiversity, 
and water conservation can mitigate environmental impacts 
and support food security. Achieving sustainable food 
production requires a holistic approach that considers social, 
economic, and environmental factors while harnessing the 
benefits of both aquaculture and traditional agricultural 
practices.

Utilization of Marine Resources

Aquaculture is increasingly recognized as an essential 
means of meeting the growing demand for seafood products, 
given the depletion of wild fish stocks and the need for 
sustainable food systems. The efficient use of marine resources 
is critical to the success of the aquaculture industry, requiring 
consideration of factors such as site selection, feed sources, 
and disease management. This review article examines the 
role of marine resource utilization in aquaculture, including 
the benefits and challenges of this approach.

The Importance of Sustainable Aquaculture

Sustainable aquaculture is essential to meeting global 
food security challenges by increasing seafood production 
and reducing pressure on wild fish populations. Marine 
resource utilization is central to this objective, focusing 
on the responsible use of aquatic resources to support 
ecosystem health and minimize environmental impacts. 
Sustainable aquaculture also has economic benefits, creating 
employment opportunities and contributing to trade 
opportunities for aquaculture products.

Environmental Impacts of Aquaculture

Despite the benefits of sustainable aquaculture, there 
are concerns surrounding the environmental impacts of the 
industry. The use of fishmeal and fish oil in aquaculture feed is 
one of the most significant environmental concerns, leading 
to overfishing, deforestation, and unsustainable aquaculture 
practices. Other environmental impacts include disease 
transmission, nutrient pollution, and habitat destruction. 
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Addressing these impacts requires innovative approaches, 
such as alternative feed sources, improved site selection and 
design, and disease-resistant fish strains.

Innovative Approaches to Marine Resource 
Utilization

Advances in aquaculture technology and management 
practices offer promising opportunities to address 
sustainability challenges associated with marine resource 
utilization. For example, integrated multitrophic aquaculture 
(IMTA) aims to maximize the productive use of aquatic 
resources by integrating different species at different trophic 
levels in the same system. Recirculating aquaculture systems 
(RAS) also offer potential benefits, including reduced water 
use, improved water quality, and disease control. Advances 
in genomics and selective breeding may also lead to the 
development of more disease-resistant fish strains and 
improve the efficiency of feed conversion.

Aquaculture is a vital component of the global food 
system, producing approximately half of the fish and shellfish 
consumed worldwide. The industry’s sustainability relies on 
maximizing feed efficiency and livestock production while 
minimizing environmental impacts. Feed costs typically 
account for the largest proportion of production costs, 
making feed efficiency and livestock productivity essential for 
the long-term profitability and environmental sustainability 
of the industry.

Feed Efficiency and Livestock Production

Feed efficiency in aquaculture refers to the ability of fish 
to convert feed into body mass. Improving feed efficiency 
is essential to reducing feed costs, production costs, and 
environmental impacts. Livestock production in aquaculture 
is also critical, with a focus on maximizing growth, improving 
fish health, and reducing mortality rates. Achieving high 
levels of feed efficiency and livestock production requires 
meticulous attention to factors such as feed formulation, 
diet composition, feeding frequency, and water quality 
management [28].

Innovative Approaches to Improving Feed 
Efficiency

Advances in aquaculture technology and management 
practices offer promising opportunities to improve feed 
efficiency and reduce production costs. The inclusion of 
alternative feed sources, such as plant-based or microbial-
based proteins, can significantly reduce feed costs and 
improve feed efficiency. The use of probiotics and prebiotics 

can also contribute to improved feed efficiency and livestock 
production by promoting gut health, improving digestion, 
and reducing disease susceptibility. Genetic improvement 
and selective breeding may also lead to the development 
of more efficient, fast-growing, and disease-resistant fish 
strains [29].

Environmental Sustainability and Feed 
Efficiency

Feed efficiency is critical to reducing the environmental 
impacts of the aquaculture industry. Increasing feed 
efficiency reduces the amount of feed and nutrients required 
for fish growth, minimizing the waste and pollution resulting 
from uneaten feed and fish excreta. Improving feed efficiency 
also reduces the amount of fishmeal and fish oil required in 
aquaculture feed, which has implications for overfishing and 
environmental degradation [30].

Alternates of Forage Fish

In aquaculture production, fishmeal and fish oil are 
essential feed ingredients for farmed fish. However, the 
high demand for these ingredients has led to overfishing 
and depletion of wild fish stocks, particularly forage fish. To 
maintain a sustainable industry, alternative feed ingredients 
must be identified as viable alternatives to forage fish [31].

Alternative Feed Ingredients

Several alternative feed ingredients could replace 
forage fish as a source of protein and oil in aquaculture 
feed. These include soybean meal, poultry by-product meal, 
and insect meal, among others. Soybean meal is a popular 
alternative in aquaculture due to its high protein content 
and wide availability. Poultry by-products also provide 
valuable nutrients for aquaculture, including protein, fat, 
and minerals. Insect meal is a relatively new alternative 
but is gaining popularity due to its sustainable production 
and good nutritional profile, including high protein and fat 
content [32].

Nutritional Value

Alternative feed ingredients must meet the nutritional 
requirements of farmed fish for growth and health. Several 
studies have shown that certain alternative feed ingredients, 
such as soybean meal and poultry by-product meal, can 
provide sufficient protein and energy for the growth of 
farmed fish. Insect meal has also been found to be a promising 
alternative, with high protein and fat content, as well as the 
presence of valuable micronutrients [33].
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Sustainability

The sustainability of alternative feed ingredients must 
be assessed in terms of their environmental impact, resource 
use, and economic feasibility. Several studies have highlighted 
the potential for alternative feed ingredients to reduce the 
pressure on wild fish stocks and the impact of aquaculture 
on the environment. In addition, the sustainable sourcing 
of alternative feed ingredients, such as using waste streams 
or locally grown crops, can reduce the industry’s carbon 
footprint and contribute to the circular economy [34].

Economic Feasibility

The economic feasibility of alternative feed ingredients 
depends on their availability, cost, and market demand. 
Several studies have shown that alternative feed ingredients, 
such as soybean meal and insect meal, can be cost-competitive 
with fishmeal and fish oil, particularly when considering the 
environmental benefits and potential for local sourcing.

Conclusion

Aquaculture has become an important source of food 
production that has helped address the challenges of food 
security, economic development, and job creation. Despite its 
potential benefits, the industry faces significant challenges 
such as disease outbreaks, environmental degradation, and 
access to resources. Innovative approaches such as improved 
management practices, using alternative feeds, and eco-
friendly systems can help address these challenges, allowing 
for the development of sustainable aquaculture.
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