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ABSTRACT
Currently, aquaculture is a worldwide development activity, with an overall volume of more
than 110.2 million Mg live weight and a value of approximately 243 billion USD, contributing
more than 60 % of the combined production of aquatic organisms. Among major economic
activities, aquaculture has grown more rapidly both internationally and domestically. Asia
represents the region with the most extensive development in the cultivation of most species,
with China as the dominant producer. However, in terms of growth, some countries in Africa
and Latin America, such as Egypt, Nigeria, Chile, and Mexico, are emerging on the world stage.
Mexican aquaculture grew by around 70 % from 2013 to 2021, and further growth is expected
in the coming years. Despite its importance and growth for human livelihood, aquaculture
involves significant water consumption, and its degradation represents a major threat to the
future of humanity. Therefore, it is essential to establish clear notions of water quality and
sustainable management, monitor social and economic variables, and intensify research on
alternatives for water treatment and use control. The present work provides an overview
of Mexican aquaculture in the global context, including its importance, concepts related to

sustainable management and its alternatives, as well as the development of the industry.
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INTRODUCTION

Aquaculture is the economic, social, and cultural activity that consists of the breeding
and cultivation of aquatic organisms. Breeding requires human intervention to increase
and ensure the production of species with high demand, such as shrimp, catfish, tilapia,
and trout (FAQ, 1998; Justino et al., 2016; Ottinger et al., 2016). Populations must be fed
and protected from predators in a controlled environment, and their growth must be
managed effectively.

Practices differ across regions according to environmental conditions and production
systems. In Vietnam, fish are raised using freshwater in paddy fields, while in Ecuador
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saltwater shrimp are produced in ponds. In Norway and Scotland, cages are used along
the coasts for salmon production (Bergheim, 2012; Phuong and Oanh, 2010; Hamilton
and Stankwitz, 2012). The most important cultured organisms are freshwater species,
which require less water and have lower maintenance costs, including tilapia and carp
(Yuan et al., 2017).

From a food systems perspective, aquaculture represents a viable alternative for
the global food supply. Capture fisheries and aquaculture both contribute to food
security and form an integral part of national economies. This activity supports
national food security, generates foreign currency, creates employment opportunities
in vulnerable areas, and helps alleviate poverty (Tacon and Metian, 2015, 2017). In
addition, aquaculture products are rich in animal protein, contributing to the growth
and stability of the food system as one of the healthiest food sources. Fish is among the
most widely produced food products and represents one of the most important sources
of animal protein, accounting for about 17 % of global animal protein consumption. In
less developed countries, this proportion may exceed 50 % (Béné et al., 2015).

GLOBAL AQUACULTURE PRODUCTION AND TRENDS
Aquaculture has been practiced in a low-technology manner for at least two centuries;
however, intensive farming systems comparable to the production of terrestrial
animals are much more recent, developing mainly after 1950 (Campbell and Pauly,
2013). In 2016, worldwide production of aquatic organisms totaled around 170.9
million Mg, with a value of approximately 250 billion USD (FAO, 2018; OECD, 2020).
Of this amount, just over 110.2 million Mg came from aquaculture, representing
about 64 % of the total production (World Bank Group, 2023). These data show that
aquaculture is a major contributor to global food security, a trend expected to continue
(Little et al., 2018; Ottinger ef al., 2016).

Since 2011, production of aquatic organisms from capture fisheries has remained
relatively stable, averaging close to 93 million Mg per year. In contrast, aquaculture
production increased by about 48 million Mg during the same period, representing
growth of approximately 78 % (World Bank Group, 2013; FAO, 2018). The Asian
continent has made the most significant advances in aquaculture development, with
China leading production at nearly 64 million Mg in 2021. Other major producing
countries include Indonesia, India, Vietnam, Bangladesh, the Philippines, Korea,
Egypt, Norway, and Japan, each producing around one million Mg (World Bank Group,
2023). Among the main groups contributing to aquaculture production, fish account
for 54.091 million Mg (49.08 %), crustaceans for 7.862 million Mg (7.13 %), mollusks for
17.139 million Mg (15.55 %), and aquatic plants for 30.139 million Mg (27.35 %). Other
organisms, including frogs and invertebrates, contribute approximately 939 thousand
Mg (0.85 %) to total production (FAO, 2018).

Of the combined global production of approximately 171 million Mg of aquatic
organisms from fisheries and aquaculture, about 88 % is used for direct human
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consumption. The remaining portion is processed into fishmeal and fish oil for
applications such as livestock feed, aquaculture feed, industrial products, and
pharmaceutical uses (Gjedrem et al., 2012; FAO, 2018). The dependence of aquaculture
and terrestrial animal production on fishmeal represents an important sustainability
concern. In 2021, fishmeal production totaled about 24 million Mg, of which around
5 million Mg were used for non-food purposes. Consequently, the development of
alternative protein sources for aquaculture feeds and other animal production systems
has become increasingly necessary (Hua et al., 2019).

Fishmeal remains a key input in aquaculture feed formulations (Olsen and Hasan,
2012) and is one of the most expensive commercial protein ingredients because of
its complex composition of proteins, fatty acids, minerals, and vitamins, as well as
its balanced profile of essential amino acids (Hardy, 2010). However, the growing
demand for aquaculture products has intensified efforts to develop alternative feed
ingredients that maintain fish health and nutritional quality. Research in this area
often focuses on locally available resources adapted to regional production systems
and species requirements. Feed typically represents about 60 % of operating costs
within the aquaculture production chain (Han et al., 2016; Hardy, 2010; Olsen and
Hasan, 2012).

ALTERNATIVE PROTEIN SOURCES FOR AQUACULTURE FEED
Studies on the use of fish silage and shrimp waste indicate that these preparations
can replace up to 75 % of fishmeal while maintaining beneficial effects on fry and
providing a profitable alternative (Goddard and Perret, 2005; Madage et al., 2015).
However, silage is prone to fermentation due to the lack of preservatives, which can
affect its quality. Feed acidity has also been associated with poor fish acceptance,
as it may suppress appetite. The use of fish meal produced from Gambusia affinis
or Atherina boyeri has allowed the replacement of up to 50 % of commercially used
fishmeal without affecting feed efficiency, and this substitution has been supported by
economic analyses (Abdelghany, 2003; Giimdis, 2010).

Use of terrestrial animal proteins

Substituting fishmeal with terrestrial animal proteins has been explored using by-
products such as food residues, blood, feathers, meat, and bone (Hernandez et al.,
2010; Hu et al., 2013). However, these proteins often present inadequate amino acid
profiles, containing low levels of essential amino acids such as lysine, isoleucine,
and methionine that are required by aquatic species (Liaqat et al., 2017). When these
deficiencies are corrected through supplementation, such alternative protein sources
can replace up to 75 % of fishmeal and remain cost-effective. Nevertheless, their
efficiency is still debated because of the need for additional supplements (Hua et al.,
2019).
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Use of vegetable proteins

Oil plants

Among plant protein sources, soybean meal stands out due to its high protein
content and relatively complete amino acid profile. However, it shows deficiencies in
methionine, lysine, and cysteine. Soybean meal also contains antinutritional factors
such as trypsin inhibitors, antivitamins, and lectins like phytohemagglutinin (Bai et al.,
2015). These compounds can be reduced or eliminated through heat treatment. With
proper processing, soybean meal has shown good performance in partial substitutions
of fishmeal of up to 75 %. The success of substitution depends on the species, growth
stage, and minimum nutritional requirements, as well as mineral availability in
soybean meal.

Cottonseed meal is another alternative widely used in tropical and subtropical regions
because of its high protein content and low cost (Sun ef al., 2015; Teves and Ragaza,
2016). However, protein content and quality vary depending on seed management
and processing methods, ranging from 26-54 %. In addition, cottonseed meal has
relatively low levels of cysteine and lysine, although substitution efficiencies from 50 %
to complete assimilation in aquatic species have been reported (Nehete et al., 2013).

Aquatic plants

Among aquatic plants, duckweed has been highlighted as a potential plant protein
source, with crude protein levels reaching up to 45 %. It also presents a suitable
amino acid and mineral profile and has been used as the sole nutrient source in
some production systems. Nevertheless, optimal performance is generally achieved
with substitution rates around 50 %, allowing good growth without adverse effects
while remaining economically viable. Other aquatic plants, including ferns, have also
demonstrated positive results when combined with duckweed, particularly during
the fry stage (Nakphet et al., 2016; Hasan, 2017).

Legumes

Legumes are commonly used as partial substitutes for cereals in aquaculture feed. For
example, Leucaena can contribute up to 30 % of the protein in feed mixtures. Beans and
corn are also used as alternative ingredients, although many legumes present variable
amino acid profiles (Laining and Kristanto, 2015). They are often deficient in essential
amino acids such as arginine, isoleucine, methionine, and threonine. Additionally,
antinutritional compounds such as mimosine, a non-protein amino acid that can
be toxic, must be considered. Some plant ingredients, including cassava and corn,
have shown favorable results during the fry stage, with substitution levels of up to
25 and 100 %, respectively, producing satisfactory growth. However, the presence of
phytic acid in these plants can reduce mineral bioavailability, particularly when feed
formulations are already deficient in one or more minerals (de Silva, 2012).
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Use of unicellular organisms

Microorganisms such as algae, fungi, bacteria, cyanobacteria, and yeasts are gaining
attention as alternative protein sources in semi-intensive and intensive aquaculture
feeding systems because they can simplify production and reduce costs (Maisashvili
et al., 2015; Wang et al., 2019). These microorganisms can utilize carbon sources such as
wheat or rice bran, helping optimize production systems with relatively inexpensive
inputs. Unicellular proteins therefore represent a promising group of microbial
resources that promote growth while also providing environmental benefits, as some
bacteria contribute to reducing ammonia concentrations in aquaculture systems
(Guedes et al., 2015).

GLOBAL RISKS AND CHALLENGES

Monitoring in aquaculture production systems

Monitoring in aquaculture facilities should provide the information needed to
support decision-making based on reference data, production levels, area limits,
and environmental impacts. Accurate and periodic monitoring at sectional scales is
required to achieve this (Mulema and Garcia, 2019; Simbeye et al., 2014). However,
implementing such monitoring, particularly through cartography-based methods,
remains challenging due to the high cost and limited availability of appropriate
systems, as well as insufficient financing, infrastructure, and trained personnel
(Ferreira et al., 2020).

To address these limitations, the Food and Agriculture Organization has promoted
initiatives focused especially on developing regions. One proposed approach is
the development of cost-effective technologies capable of generating inventories
of cultivable species and supporting management systems. These technologies
could enable sustainable management and assist licensing processes by identifying
unregistered or illegal facilities. They can also provide information for site selection
and for evaluating farm evolution in relation to surrounding ecosystems, helping
prevent environmental damage (Soininen et al., 2019). In this context, global positioning
systems are essential for recording the location of aquaculture facilities and facilitating
the integration of geographic information systems and spatial analyses (Mulema and
Garcia, 2019; Ferreira et al., 2020).

Social challenges in aquaculture

Low-quality employment is frequently associated with low productivity, and its causes
vary depending on local contexts. In aquaculture, producers often face challenges
such as limited access to formal education, which restricts the availability of services
and hinders the adoption of advanced technologies and access to demanding markets
(Carlarne and Depledge, 2019; Ngajilo and Jeebhay, 2019). In addition, inadequate fish
handling and poor capture, processing, and storage facilities contribute to high post-
capture losses, reducing overall production yields (Song and Soliman, 2019).
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In Mexico, families lacking alternative employment opportunities often accept low
wages and poor working conditions within aquaculture operations. Continuous
industry expansion may also lead to overexploitation of resources, environmental
degradation, and risks to the livelihoods of communities dependent on aquaculture.
Addressing the shortage of decent work requires improving access to education
and training, adopting new technologies, and enhancing fish handling, capture,
processing, and storage infrastructure. These measures can increase productivity
while supporting the sustainability of the sector and the communities that depend on
it (Espinosa-Romero et al., 2017).

Workers in the aquaculture and fisheries sectors often belong to vulnerable social
groups and face hazardous working conditions. Although these activities represent an
essential source of income for low-income populations, social protection mechanisms
are frequently limited or absent (Watterson, 2018). In many countries, workers rely on
informal or minimal protection, and integration into formal social security systems
remains difficult. As a result, workers and their families face environmental, social,
physical, and economic risks, often intensified by factors such as migration, sexually
transmitted diseases, gender violence, and substance abuse (Ahmed and Thompson,
2019).

Beyond resource overexploitation, the occupationitselfis considered highly dangerous.
Each year, approximately 24 000 workers experience illness, injury, or death due
to long working hours and fatigue. Insufficient enforcement of occupational safety
regulations further increases these risks. Strengthening social protection through
improved access to healthcare, education, training programs, and occupational health
and safety regulations is therefore essential. Such measures help protect workers’
rights while supporting the long-term sustainability of the aquaculture sector and the
well-being of dependent communities (Ahmed and Thompson, 2019; Soininen et al.,
2019).

Climate change

Climate change represents a major global challenge, requiring aquaculture systems
to develop adaptive strategies capable of addressing its impacts, variability, and
associated risks. Key factors include warming of water bodies, sea-level rise, ocean
acidification, and changes in weather patterns that may result in extreme events
(Falconer et al., 2020). Climate change poses significant risks to aquaculture systems.
Increased atmospheric CO, levels and the resulting acidification of water bodies can
affect the physiology of many species, influencing growth, reproduction, and product
quality.

At the same time, global warming may create certain opportunities, such as increased
growth rates and expanded geographic ranges for some cultured species. Research
on sensitive fish species across life stages (from embryo to adulthood) has shown that
temperature variation influences growth, disease susceptibility, spawning time, and
mortality rates at different developmental stages (Dubey et al., 2017). Metabolic changes
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associated with these environmental shifts may also generate significant economic
impacts. Adaptation will likely require modifications to aquaculture infrastructure
and the development of more specific and nutritionally adequate feed formulations
(Bhuiyan et al., 2018; Steeves and Filgueira, 2019).

Species vulnerability

Assessing the vulnerability of species and environmental systems in aquaculture often
involves classifying farms according to geographic location (continental, coastal, or
arid tropical environments) as well as production density and intensity (Navas et
al., 2011). Even within the same region, farms may differ in technological capacity
and production systems, which can increase vulnerability for producers, particularly
regarding supply limitations. Reducing these vulnerabilities requires the adoption
of improved local practices and advanced technologies (Islam et al., 2019). Potential
strategies include the use of new biological strains, such as catfish varieties adapted
to salinity conditions, and improvements in harvesting methods to ensure product
quality. Additional technological approaches may involve water-recycling systems
and innovations that enhance fish health and feed efficiency (Rickard et al., 2020;
Yogev et al., 2020).

Sustainability through organization

Many fishers and fish farmers operate small-scale systems without formal contracts,
which limits organization within the sector and reduces opportunities for policy
development. Dependence on intermediaries within the value chain further affects
producers, as these actors often control market access and influence the economic
viability of primary production (Valenti et al., 2018). Addressing these issues requires
context-specific interventions that strengthen communication and coordination among
stakeholders (Davies et al., 2019). Developing simple, sustainable, and inclusive value
chains, particularly at small scales, can help prevent sector overcapacity and reduce
economic, environmental, and social disruptions. Currently, an important concern
within the production chain involves the generation of by-products and the continued
reliance on fishmeal and fish oil, which may place additional pressure on wild fish
populations and other aquatic species (Carlarne and Depledge, 2019; Dubey et al.,
2017).

AQUACULTURE IN MEXICO
Water has played a crucial role in human settlement and societal development
throughout history. Its uses range from domestic consumption to livestock watering,
irrigation, aquaculture, power generation, navigation, and recreation. In aquaculture,
water availability is essential, and Mexico’s altitudinal profile creates a wide diversity
of climatic conditions and ecosystems that support the development of the aquaculture
sector (Oyarzabal, 2000). However, the successful expansion of the industry also
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depends on the efficient application of technologies and on processes of innovation,
modernization, and productive reconversion (FAO, 2013). In Mexico, fish farming was
formally established at the end of the 19th century when the Ministry of Development
initiated the construction of a fish nursery in Ocoyoacac, State of Mexico, using a batch
of 500 000 rainbow trout (Oncorhynchus mykiss) fry imported from the United States.

Regional development of Mexican aquaculture
Mexico is divided into five regions as part of the “Diagnosis and Regional Planning of
Fisheries and Aquaculture” initiative, designed to promote sustainable and integrated
development of this economically and socially important sector. Region I, the Pacific
North, includes Baja California, Baja California Sur, Sonora, Sinaloa, and Nayarit. In
2021, this region produced 195 705.71 Mg of live weight, with Sonora and Sinaloa each
contributing about 39 % of the total production. Region II, the Central and South Pacific
Zone, comprises Chiapas, Jalisco, Colima, Michoacan, Oaxaca, and Guerrero. In 2021,
this region generated 34 599.87 Mg in live weight, with Jalisco leading production with
37 %.
Region 1III, the Northern Gulf of Mexico Zone, includes Veracruz and Tamaulipas.
Veracruz dominated production in this region, accounting for 86 % of the total 3182.55
Mg produced. Region IV, known as the Gulf of Southern Mexico and Caribbean
Sea region, includes Quintana Roo, Yucatan, Tabasco, and Campeche. Aquaculture
productionin this regionreached 14 718.68 Mg of live weight, with Tabasco contributing
82 % of the total. Region V corresponds to the landlocked states, which do not have
coastal aquaculture systems and rely mainly on inland water production. This region
produced 1406.8 Mg of live weight, with the State of Mexico contributing 34 % of the
total production.
In 2021, aquaculture production in Mexico reached 249 613.71 Mg. A notable limitation
of the industry is its strong dependence on shrimp and mojarras, mainly produced
through crossbreeding systems. To ensure sustainable use of marine, brackish, and
inland water resources, diversification of cultured species is necessary. Other species
considered in Mexican aquaculture include freshwater fish such as robalo, bass, and
catfish; marine fish such as snapper, sea bream, red snapper, sea bass, horse mackerel,
and tuna; mollusks such as clams, abalone, and snails; freshwater crustaceans such
as freshwater lobster and shrimp; and other groups including ornamental fish
(CONAPESCA, 2020).
During the 1990s, social, political, economic, and environmental factors contributed to
the expansion of aquaculture activity in Mexico. Legal reforms and federal government
support programs strengthened value chains by promoting more structured projects
and improving the availability of socio-economic and environmental data. Despite
these advances, the aquaculture sector still faces challenges in achieving full
sustainability. Greater investment in science and technology is required, together with
the promotion of a culture that values the balance between economic development
and environmental protection. Although value chains have improved, bureaucratic
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barriers continue to limit stronger collaboration among producers, researchers, and
government institutions.

Risks associated with aquaculture in Mexico
Like any productive sector, aquaculture in Mexico faces several risks that may affect
its sustainability and profitability.

Disease outbreaks. Aquaculture facilities are vulnerable to disease outbreaks that can
cause major production losses and affect the health and welfare of fish and shellfish.
Diseases can spread rapidly through water, particularly in systems with high stocking
densities, and can be difficult to control.

Environmental impacts. Improper management of aquaculture systems may
generate negative environmental effects. Overcrowding, excessive feed use, and
waste discharge can cause eutrophication and water quality degradation, affecting
surrounding ecosystems and reducing production efficiency. Certain practices may
also affect wild fish populations and natural habitats.

Economic risks. Aquaculture requires substantial investments in infrastructure,
technology, and labor. Fluctuations in market demand, price volatility, and production
risks, such as disease outbreaks or extreme weather events, can generate significant
financial losses for producers and companies.

Regulatory compliance. Aquaculture activities in Mexico are subject to national and
international regulations related to food safety, environmental protection, and animal
welfare. Failure to comply with these regulations may result in penalties, production
restrictions, or reputational damage.

Climate change. Climate change represents an additional risk for aquaculture
production, including changes in temperature, precipitation patterns, sea-level rise,
and the occurrence of extreme weather events.

To reduce these risks, aquaculture producers can implement best management
practices such as regular monitoring and water quality testing, biosecurity protocols,
and environmental impact assessments. In addition, diversification of production
systems and increased investment in research and development can improve resilience
and adaptability to changing environmental and market conditions.

CONCLUSIONS
Aquaculture is a sector characterized by constant change and growing demand.
Although aquaculture production in Mexico has progressed steadily, national demand
for seafood continues to increase. These trends require optimization across the value
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chain and the adoption of more efficient practices, including technological innovation
in equipment and feed products adapted to different socio-economic contexts and
cultured species. Such innovations can promote sustainable practices and balanced
growth in the industry.

Mexico has several advantages that could position it among the leading countries
in global aquaculture production, particularly in the cultivation of freshwater and
shrimp species. Favorable climatic conditions in many regions support the production
of species of commercial interest, including native species with characteristics suitable
for aquaculture. These conditions provide an opportunity to expand production and
supply seafood to major consumer markets. To support the growth and sustainability
of the aquaculture industry, the federal administration should establish legislation that
recognizes aquaculture as an activity independent from fisheries. State governments
should adopt similar frameworks and implement long-term policies to ensure the
continued development of the sector beyond individual government administrations.
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