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Fish feed safety is crucial to the continued health, productivity and sustainability of aquaculture systems worldwide. As aquaculture quickly expands in both developed and developing nations, feed quality has emerged as a critical determinant of food safety, environmental impact and economic viability. In 2024, the global feed industry demonstrated a promising rebound, with total feed production rising by 1.2%, from 1.380 billion metric tons (mt) in 2023 to 1.396 billion mt, underscoring the sector’s resilience. Within this, aquafeed production reached 52.966 million mt, reaffirming its critical role in supporting aquaculture’s upward trajectory and global food security. While contaminated or nutritionally unbalanced feed poses major risks to human consumers through the food chain, in addition to posing a threat to the health of aquatic animals. This review's objective is to evaluate critically the international regulatory frameworks, safety protocols and industry standards that govern fish feed quality. It highlights key international guidelines such as Codex Alimentarius, the OIE Aquatic Animal Health Code and the Global Food Safety Initiative (GFSI), along with national regulations in the USA, European Union, India and other major aquaculture producing countries. The study further explores core safety systems like Hazard Analysis and Critical Control Points (HACCP), ISO 22000, Good Manufacturing Practices (GMP), Good Agricultural Practices (GAP) and how they contribute to holistic risk management throughout the feed supply chain. Although there has been a lot of progress in bringing safety standards globally but infrastructure, resource limitations and regulatory enforcement remain issues in developing nations. This paper advocates for increased international collaboration, digital traceability tools and capacity-building initiatives to bridge regulatory gaps and enhance feed safety worldwide.
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1. Introduction
One of the areas of food production with the fastest rate of growth in the world is aquaculture, which has a major impact on economic growth, employment, and food security (FAO, 2022).  Maintaining the growth and environmental integrity of aquaculture systems has become dependent on the quality and safety of fish feed due to the growing demand for aquatic products. The biggest operational expense in aquaculture is fish feed, which also has a direct impact on fish growth rates, disease resistance, and product quality (Hasan & New, 2013). As a result, upholding high standards in feed production is crucial for consumer safety, trade compliance, and animal health. Because contaminated or nutritionally deficient feed can introduce pathogens, toxic residues, or nutritional deficiencies that impair fish welfare and raise mortality rates, feed safety and aquatic animal health are inextricably linked (Tacon & Metian, 2008). In 2024, the global feed industry demonstrated a promising rebound, with total feed production rising by 1.2%, from 1.380 billion metric tons (mt) in 2023 to 1.396 billion mt, underscoring the sector’s resilience. Within this, aquafeed production reached 52.966 million mt, reaffirming its critical role in supporting aquaculture’s upward trajectory and global food security (2025 Alltech Agri-Food Outlook).The quality and composition of feeds constitute critical factors in aquaculture, impacting animal growth significantly (Xiao et al., 2018). Fish diet formulation has advanced significantly over the last ten years to improve fish health, growth, and survival (Parry et al, 2025). Moreover, the modern societies are producing more food waste, which has put a great deal of strain on how to handle and dispose of it. Making fish feed out of food waste would be a good way to treat it as a resource rather than as waste. Fish fed food waste-based pellets are safer to eat than those fed commercial feed pellets, according to health risk assessments based on the main environmental contaminants (mercury, PAHs, and DDTs) in fish flesh (Wong et al, 2016) Additionally, standard procedures and tests ought to be adhered to. There are differences in aquaculture growth despite advancements in techniques, and a number of factors, including management techniques and feed quality control, are to blame (Suthamathy Nadarajah et al, 2017). This emphasizes the necessity of standardized and widely recognized quality control procedures in order to ensure feed safety globally. This review aims to critically assess national and international regulatory frameworks, industry best practices like Good Manufacturing Practices (GMP), Good Agricultural Practices (GAP), and the Global Food Safety Initiative (GFSI), as well as safety protocols like Hazard Analysis and Critical Control Points (HACCP) and ISO 22000. The review also seeks to pinpoint deficiencies, difficulties, and new issues in fish feed quality control and offer suggestions for enhancing aquafeed's sustainability and safety on a worldwide scale.
2.1 International Organizations
2. Regulatory Frameworks
In order to guarantee global safety and facilitate trade, international organizations are essential in establishing standards and guidelines for fish feed quality. The Food and Agriculture Organization (FAO) and the World Health Organization (WHO) collaborated to create the Codex Alimentarius Commission, which sets globally accepted guidelines for food safety, including those pertaining to contaminants and aquafeed production (FAO/WHO, 2020). By establishing maximum limits for contaminants, labeling specifications, and animal feed-specific hygiene practices, these standards seek to safeguard consumer health and advance ethical business practices in the food industry. The FAO also publishes comprehensive guidelines addressing aquafeed safety, focusing on raw material sourcing, manufacturing processes, and storage conditions to minimize risks related to microbial contamination, chemical hazards, and nutritional imbalances. These guidelines emphasize the importance of traceability and risk assessment in the aquaculture feed supply chain. Furthermore, the World Organisation for Animal Health (OIE) provides the Aquatic Animal Health Code, which includes standards for feed safety as a component of aquatic animal health management. The code outlines principles to prevent the introduction and spread of aquatic animal diseases through feed and feed ingredients, promoting biosecurity and disease control measures worldwide.
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Figure 
1
 Possible pathways for pathogen transmission and contamination during harvest, manufacture, storage, transportation, and use of aquatic animal feed in aquaculture systems. Risk levels vary by feed type: live feed (LF) and moist feed (MF) present high risk (+++), semi-moist feed (SF) moderate risk (++), and dry feed (DF) low risk (+). Redistribution or recycling of contaminated feed can further spread pathogens between farms.
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Figure 1 illustrates the potential pathways for pathogen transmission in aquatic animal feed production and use. Feed ingredients of aquatic origin may carry viruses, bacteria, or parasites into aquaculture systems. Risk levels vary by feed type: live feed (LF) and moist feed (MF) have the highest risk (+++), semi-moist feed (SF) carries moderate risk (++), while dry feed (DF) has the lowest risk (+). Processing methods, such as heat or chemical treatments, reduce pathogen loads, but contamination can reoccur during storage and transportation, especially when batches of differing sanitary status are handled together. Within farms, contaminated feed can directly infect animals through consumption or indirectly via the environment. Poor hygiene in aquaculture facilities can also contaminate feed. Furthermore, redistribution or recycling of contaminated feed between farms may spread pathogens to new sites. Thus, biosecurity and careful handling are critical to reducing pathogen transmission in aquaculture feed systems.
2.2 National Regulations
At the national level, countries have developed regulatory frameworks to govern fish feed production, distribution, and safety. In the United States, the Food and Drug Administration (FDA) enforces the FDA Feed Rule, which requires adherence to good manufacturing practices and hazard analysis to prevent contamination of animal feed (FDA, 2018). Complementing this, the Association of American Feed Control Officials (AAFCO) establishes ingredient definitions and model regulations to standardize feed quality across states. The European Union (EU) regulates animal feed through Regulation (EC) No. 767/2009, which sets out rules on marketing and use of feed, labeling requirements, and safety standards (Official Journal of the European Union, 2009). The European Food Safety Authority (EFSA) provides scientific opinions to support risk assessment related to feed contaminants and additives. In India, the regulatory landscape includes oversight by the Food Safety and Standards Authority of India (FSSAI) and the Department of Fisheries, which issue guidelines for aquafeed manufacturing, quality control, and certification (GoI, 2021). However, enforcement and compliance remain challenges, particularly among small-scale producers. Countries like China, Vietnam, and Brazil have developed their own case-specific regulations addressing aquafeed safety, reflecting local aquaculture practices and market needs (Global Agricultural Information Network, 2019). These include standards for ingredient approval, contaminant limits, and manufacturing practices, although regulatory capacity varies.
2.3 Harmonization Challenges
Despite efforts by international bodies, harmonization of fish feed regulations faces significant challenges. Differences in legal frameworks, resource availability, and enforcement capacities among countries hinder uniform implementation. Moreover, the rapid introduction of novel proteins and functional additives in aquafeeds requires continual updates of regulatory standards. This divergence not only complicates international trade but also creates uneven levels of consumer protection and biosecurity. Addressing these challenges calls for stronger international collaboration, information sharing, and targeted capacity building in developing regions (FAO, 2020; Ryder et al., 2014).
3. Safety Protocols and Standards
3.1 Hazard Analysis and Critical Control Points (HACCP)
A common preventive strategy used in aquafeed production to identify, assess, and manage risks that could jeopardize feed safety is the Hazard Analysis and Critical Control Points (HACCP) system. The goal of HACCP is to control physical, chemical, and biological risks at every stage of the feed supply chain, from the acquisition of raw materials to the distribution of finished goods. Pathogenic bacteria like Salmonella and Listeria are important microbiological hazards, whereas contaminants like mycotoxins, heavy metals, and pesticide residues are examples of chemical hazards. Foreign objects like plastic or pieces of metal can pose physical risks. HACCP successfully lowers contamination risks and improves traceability in aquafeed manufacturing, as shown by implementation case studies from significant feed producers. Kovač M et al., 2021; E. Spencer Garrett et al., 2000; Kooutsoumanis K et al., 2024).
3.2 ISO 22000: Food Safety Management System
The ISO 22000 standard provides a comprehensive framework for food safety management that is directly applicable to feed production, including aquafeeds. By integrating the principles of Hazard Analysis and Critical Control Points (HACCP) with prerequisite programs (PRPs), the standard emphasizes systematic risk management and continual improvement in food and feed safety systems. Within the aquaculture sector, ISO 22000 facilitates communication across the feed supply chain and ensures compliance with national and international regulatory requirements, thereby aligning industry practices with global food safety expectations. Its integration with HACCP enables the identification and monitoring of critical control points, which is essential for minimizing hazards in fish feed production and safeguarding aquatic animal health. Empirical evidence further supports its relevance, as studies have shown that ISO 22000 certification enhances HACCP effectiveness and strengthens overall food safety performance in related sectors such as dairy processing (Psomas and Kafetzopoulos, 2015). These insights highlight the potential benefits of adopting ISO 22000 in aquafeed industries, where maintaining high standards of safety and quality is pivotal for consumer confidence and market access.
3.3 Good Manufacturing Practices (GMP)
By imposing stringent regulations on production hygiene, facility upkeep, equipment calibration, and documentation, Good Manufacturing Practices (GMP) serve as the cornerstone of feed safety (Codex Alimentarius Commission, 2019). For GMP to preserve constant quality standards and prevent cross-contamination, personnel competency and training are essential. While national regulatory bodies modify Codex guidelines to suit local circumstances and guarantee adherence to particular feed safety regulations, the guidelines serve as a worldwide reference for GMP (GoI, 2021). Following GMP is crucial to fulfilling legal requirements as well as industry standards.
3.4 Good Agricultural Practices (GAP)
Good Agricultural Practices (GAP) form a cornerstone in ensuring the safety and sustainability of agricultural raw materials used in fish feed, particularly cereals, oilseeds, and protein crops. GAP frameworks emphasize pesticide management, soil fertility, irrigation efficiency, and harvesting methods to minimize chemical and microbiological contamination in feed ingredients (FAO, 2023). Recent updates to the GLOBALG.A.P. Integrated Farm Assurance (IFA v6) standard incorporate more robust traceability requirements, water stewardship protocols, and biodiversity indicators, thereby enhancing quality control mechanisms in upstream crop production (GLOBALG.A.P., 2022). Within aquaculture, GAP also contributes to sustainability and supply-chain integrity, as demonstrated by the ASC Feed Standard (v1.0), which mandates responsible sourcing of plant and marine ingredients to reduce the risk of contaminants and improve transparency (ASC, 2021). Complementary initiatives such as the MarinTrust Standard (v3) extend GAP principles to marine ingredient supply chains by incorporating environmental, social, and food safety criteria (MarinTrust, 2023). Together, these evolving frameworks highlight the critical role of GAP in mitigating risks at the farm level, supporting feed mill compliance, and meeting the regulatory and market-driven demands of a globalized aquafeed industry.
3.5 Global Food Safety Initiative (GFSI)
Several food safety certification programs, including those relevant to the aquafeed sector, are benchmarked by the Global Food Safety Initiative (GFSI). International trade is facilitated and consistent compliance is ensured when multinational feed producers use GFSI recognition to standardize their safety standards across a variety of markets (GFSI, 2021). Through the promotion of best practices and third-party auditing, certification under GFSI-approved schemes increases stakeholder trust and fosters continuous improvement.
4. Components of Fish Feed Quality Control
4.1 Raw Material Quality
The quality of the raw materials is essential to guaranteeing fish feed that is both safe and nourishing. Maintaining ingredient integrity requires traceability and supplier verification, which help feed manufacturers monitor the origin and handling of raw materials and reduce the risk of contamination (Hasan & New, 2013). Fishmeal in aquafeeds is gradually being replaced by plant-derived proteins, but this change increases the risk of mycotoxin exposure and fungal contamination. Certain toxins can bioaccumulate in muscle tissue, and mycotoxicosis in fish lowers growth, impairs immunity, and increases mortality. Given that mycotoxins are strong genotoxins, immunosuppressants, and carcinogens, their transmission to humans through fish consumption raises significant concerns about food safety (Mariana Oliveira et al, 2020). To protect feed quality, regulatory agencies establish stringent contaminant limits that necessitate frequent testing and compliance with the highest permitted concentrations (FAO, 2020).
4.2 Finished Product Inspection
Inspection of the final product entails a careful assessment of the nutritional makeup to ensure that feed satisfies the required levels of protein, fat, and vitamins for fish growth and well-being (Tacon & Metian, 2015). To stop spoiling and microbial growth, the moisture content is tracked. Tests for adulteration are carried out to find any illegal substances or fillers that could lower the quality of the feed. Before products are put on the market, batch-wise sampling and testing help detect any production irregularities and guarantee consistency.
4.3 Storage and Transportation
Most microorganisms present in feed do not constitute a risk to animals. However, the presence of contaminants results in a reduction in the hygienic quality of the feed, which may result in facilitated transmission of pathogenic microorganisms. Signiﬁcant attention is focused on the presence of bacteria considered as hygiene indicators, which include: total aerobic bacterial counts and fungal counts, Enterobacteriaceae and Clostridium sp. (Kukier et al. 2014). The degree of contamination of raw materials, the effectiveness of sterilisation methods and the introduction of additives is illustrated by the total number of microorganisms and aerobic bacteria (Brzozowska 2018). According to the degree of biohazard, (Kukier et al, 2014) divided microorganisms into three groups. The ﬁrst, most dangerous group includes Salmonella sp. The presence of these bacteria has the potential to cause disease in an animals and humans, thus it is known as a zoonotic agent. The second group includes the spore-producing anaerobic rods Clostridium sp., aerobic Bacillus sp. And E. coli O157:H7 and Listeria monocytogenes. The third includes antibiotic-resistant bacteria (Kukier et al. 2014). In addition to bacterial pathogens, feed can also be a source of devastating viruses and toxigenic fungi. One of the many factors inﬂuencing the microbiotic quality of feed is the microbiological quality of the air. Particular attention should be paid to the housing in which the feed is stored. Proper storage and transportation conditions are crucial to maintaining feed quality. Factors such as temperature and humidity directly affect feed stability, nutrient retention, and susceptibility to microbial spoilage or toxin development Poor storage can lead to moisture absorption, caking, and contamination by pests or fungi. Effective packaging, temperature-controlled transport, and hygiene protocols are necessary to prevent cross-contamination and maintain the integrity of feed during distribution.
4.4 Testing and Analysis
The foundation of aquafeed production quality assurance is thorough testing and analysis. To verify formulation accuracy, proximate analysis measures moisture, crude protein, fat, fiber, and ash. While residue analyses check for dangerous materials like pesticides and antibiotics, microbial assays identify pathogens and spoilage organisms. Confidence in feed quality controls is strengthened by using accredited laboratories and conducting inter-laboratory comparisons, which not only guarantee analytical accuracy and dependability but also promote standardization across testing facilities (AOAC International, 2023).
5. Challenges and Considerations
5.1 Developed vs. Developing Countries
Controlling the quality of fish feed is largely difficult due to the differences between developed and developing areas. Developed nations have a strong foundation for efficient feed monitoring and compliance because of their advanced analytical labs, strong infrastructure, and strict regulatory enforcement. Many developing countries, on the other hand, face challenges related to limited funding, inadequate testing facilities, a shortage of qualified staff, and dispersed institutional capacity. These issues compromise the uniform implementation of safety regulations and raise the possibility of inferior or tainted feeds reaching the market (FAO, 2009; Munguti et al., 2024).
5.2 Emerging Issues
[bookmark: bau0005-profile]Antibiotic residues in aquafeeds and farmed fish are a critical emerging risk, as their persistence contributes to the global challenge of antimicrobial resistance (AMR). In many aquaculture systems, antibiotics are still used not only for therapeutic purposes but also prophylactically and, in some regions, as growth promoters (Henriksson et al., 2022). Residual traces can remain in fish tissue and feed ingredients, entering the human food chain and undermining public health safeguards. Beyond direct human exposure, the continuous presence of sub-therapeutic antibiotic concentrations in aquatic environments accelerates the selection of resistant microbial strains, which can spread across ecosystems. The World Health Organization and FAO have emphasized that aquaculture is a significant node in the “One Health” framework for AMR, requiring stringent monitoring, withdrawal periods, and alternative disease management strategies (FAO/WHO, 2020). Moreover, microplastics in fish feed pose serious risks to fish health. When ingested, they can block or irritate the digestive tract, reducing feed intake and slowing growth, and in severe cases, causing death. Beyond physical harm, microplastics also act as carriers of toxic chemicals, both from plastic additives and pollutants absorbed from the environment. Once inside the fish, these substances can trigger oxidative stress, weaken the immune system, disrupt reproduction, and even affect the nervous system (Mahdi Banaee et al, 2025). At the same time, climate-driven hazards such as flooding further complicate feed safety management. Floods increase reliance on compromised raw materials in feed production, amplifying food safety risks along the aquaculture supply chain. Addressing these interconnected challenges requires both stricter regulation of antibiotic use and adaptive strategies to mitigate climate-related disruptions in feed ingredient quality.
5.3 Integrated Risk Management Approaches
To address these multifaceted challenges, integrated risk management approaches combining standards such as ISO 22000, HACCP, and certifications recognized by the Global Food Safety Initiative (GFSI) are increasingly adopted. These frameworks enable comprehensive hazard identification, control, and continuous improvement throughout the feed supply chain. Emerging digital technologies like blockchain and advanced digital traceability systems enhance transparency, data integrity, and real-time monitoring, helping to ensure feed authenticity and safety from raw materials to final products (Cromwell et al, 2025). Such innovations are particularly valuable for harmonizing quality control across international borders and reducing fraud and contamination risks.
6. Case Studies and Comparative Analysis
A comparative review of fish feed quality control systems in Norway, the USA, India, and China reveals significant differences in regulatory approaches, enforcement capabilities, and industry participation. Norway, a global leader in aquaculture, has developed a robust and transparent feed regulatory system characterized by strict governmental oversight, comprehensive use of Hazard Analysis and Critical Control Points (HACCP), and mandatory certification schemes that ensure feed safety and environmental sustainability (Norwegian Food Safety Authority). This framework is supported by strong industry collaboration and research institutions, facilitating continuous innovation and risk management. In the United States, the feed regulatory environment is governed by the FDA’s stringent feed rule alongside state-level standards enforced through the Association of American Feed Control Officials (AAFCO) (FDA, 2018). The U.S. system emphasizes rigorous raw material verification, product testing, and recalls, supported by well-established laboratory networks and data transparency initiatives. Industry-led voluntary programs further enhance compliance and safety culture. India’s regulatory system, although evolving, faces challenges related to enforcement and fragmented oversight between central and state authorities (GoI, 2021). Despite these constraints, recent government initiatives aim to strengthen feed quality through capacity building and adoption of Good Manufacturing Practices (GMP). Public-private partnerships are increasingly promoted to enhance technical expertise and infrastructure. In China, the government has implemented comprehensive feed safety regulations integrating HACCP, Good Agricultural Practices (GAP), and traceability systems. Rapid industrial growth has spurred investments in feed quality control technology, yet regional disparities remain, requiring further harmonization and monitoring to address risks posed by small-scale producers. Key lessons from these high-performing regulatory regimes include the importance of clear legal frameworks, stakeholder collaboration, advanced testing infrastructure, and adoption of integrated safety standards. Industry-led initiatives, such as certification schemes and voluntary audits, combined with public-private partnerships, have proven effective in enhancing compliance, technology transfer, and consumer confidence.
7. Conclusion and Future Directions
The review highlights that global regulatory frameworks and safety protocols for fish feed quality control such as those developed by Codex Alimentarius, ISO 22000, HACCP, and GFSI have significantly advanced the standardization and management of feed safety across diverse aquaculture systems. These frameworks provide a robust foundation for risk identification, hazard control, and product traceability, contributing to improved aquatic animal health and consumer protection worldwide (FAO/WHO, 2020; ISO, 2018). However, significant gaps remain in harmonization and compliance, especially between developed and developing countries. Variability in regulatory enforcement, infrastructure capabilities, and resource allocation create inconsistent safety standards, which may compromise feed quality and limit international trade potential. Emerging risks, including antibiotic residues, microplastics, climate driven changes and the introduction of novel feed ingredients, further complicate the regulatory landscape and demand adaptive management approaches. Looking forward, the integration of advanced technologies such as artificial intelligence (AI), machine learning, and blockchain for real-time quality monitoring and traceability offers promising opportunities to enhance feed safety management and regulatory transparency. Strengthening international collaboration through knowledge sharing, capacity building, and mutual recognition of certification schemes is essential to bridge existing gaps and harmonize global standards. Policy recommendations include investing in infrastructure and training for feed quality control in resource-limited settings, promoting public-private partnerships to leverage industry expertise, and encouraging dynamic regulatory frameworks that can adapt to emerging scientific knowledge and market trends. Collectively, these measures will support sustainable aquaculture growth while safeguarding animal and human health.
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