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Weaning is a critical phase in aquaculture that marks the transition of fish larvae from live feed to artificial or formulated diets. This process is not only essential for improving the sustainability and cost-effectiveness of hatchery operations but also for ensuring uniform growth and reducing dependence on live feed cultures, which are often inconsistent in nutritional value and labor-intensive to maintain (Hamre et al., 2013). Traditional weaning methods rely heavily on live feeds such as rotifers and Artemia, which, despite their benefits, present issues related to nutritional inadequacy and microbial contamination (Dhert et al., 2001). In recent years, innovative weaning strategies have emerged, including the development of microdiets, nanoencapsulated feeds, and enzyme-enriched formulations that cater to the physiological needs of developing larvae (Kolkovski, 2001). Furthermore, the integration of probiotics, prebiotics, and immunostimulants has enhanced gut health and immunity during the transition phase. Technological advances in feed processing, such as cold extrusion and spray-drying, have improved nutrient stability and feed acceptability. Looking ahead, future research is expected to focus on species-specific nutritional programming, precision feeding, and the use of alternative sustainable ingredients to optimize larval health and growth. These advancements collectively aim to improve survival rates, feed efficiency, and the overall success of larval rearing in aquaculture.	Comment by asusryzen_langsa2025@outlook.com: No references should be cited in this part 
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Introduction
Larval weaning represents a pivotal stage in aquaculture, significantly influencing the survival, growth, and overall productivity of fish farming operations. Efficient weaning practices determine not only the health and development of larvae but also the economic viability of hatchery systems. The early life stages of fish are marked by critical transitions, especially the shift from endogenous to exogenous feeding, which necessitates the provision of suitable diets to support optimal development (Hamre et al., 2013). Traditionally, aquaculture hatcheries have relied on live feeds such as rotifers (Brachionus spp.) and Artemia nauplii for larval nutrition. While these live feeds offer benefits like ease of digestion and natural movement that stimulates feeding, they pose several challenges. These include inconsistent nutritional composition, risk of pathogen transmission, labor-intensive culture methods, and high production costs (Dhert, Lavens&Sorgeloos, 2001). Moreover, live feeds often lack essential fatty acids and micronutrients critical for larval development, unless enriched prior to feeding (Kolkovski, 2001). To overcome these limitations, the aquaculture industry has progressively transitioned towards the use of formulated diets, also known as microdiets. These diets are designed to meet the specific nutritional requirements of larval fish while offering advantages such as ease of storage, biosecurity, and cost-effectiveness. However, the successful adoption of these diets depends on multiple factors, including feed particle size, palatability, water stability, digestibility, and the physiological readiness of larvae to accept inert feeds (Yúfera&Darias, 2007). This review aims to provide an overview of the traditional and emerging weaning strategies in aquaculture, focusing on recent advancements in feed formulations, delivery technologies, and nutritional supplementation. It also highlights species-specific approaches, challenges in the weaning process, and the future directions for research and practice. By synthesizing the latest findings, this review seeks to contribute to the development of more efficient and sustainable weaning protocols that enhance larval performance and reduce hatchery dependency on live feeds.
Overview of Traditional Weaning Practices
In the early stages of fish larval development, traditional weaning practices predominantly rely on live feeds such as rotifers (Brachionus spp.), Artemia nauplii, and copepods. These feeds are favored due to their appropriate size, swimming behavior that stimulates larval feeding, and relatively high digestibility, especially during the initial exogenous feeding phase. Rotifers are commonly used for smaller larvae due to their manageable size and availability, while Artemia is widely applied for its ease of hatching and high protein content. Copepods, though nutritionally superior in terms of fatty acid profiles, are often difficult to mass culture, limiting their widespread use in hatcheries. Despite their advantages, live feeds present several limitations that can hinder larval performance and hatchery efficiency. One of the major concerns is the variability in nutritional composition, particularly in terms of essential fatty acids, vitamins, and minerals, which can fluctuate depending on the feed organisms' culture conditions (Dhert et al., 2001). Additionally, the risk of microbial contamination and pathogen transmission is higher with live feeds, posing a threat to larval health and survival. The labor-intensive and costly nature of live feed production also adds to the operational burden of hatcheries, prompting the need for alternative weaning solutions. To address these challenges, a gradual introduction of formulated microdiets has been employed as part of co-feeding strategies. These involve a transitional phase where live feeds and microdiets are administered simultaneously, allowing larvae to adapt slowly to inert feeds. This method helps in improving acceptance and utilization of formulated diets while still relying on live feeds to fulfill immediate nutritional needs. The timing of weaning, whether early or delayed, plays a crucial role in larval growth and survival. Early weaning can reduce dependence on live feeds and production costs, but if done prematurely, it may lead to poor feed intake and higher mortality due to underdeveloped digestive systems. Conversely, delayed weaning ensures better digestion of inert diets but prolongs the reliance on live feed, thereby increasing operational complexity and cost (Kolkovski, 2001).
Physiological and Nutritional Requirements during Weaning
The success of larval weaning in fish is closely linked to the development and functionality of the digestive system. During the early stages of life, larval fish undergo significant morphological and physiological changes, particularly in the gastrointestinal tract, to transition from endogenous yolk-based nutrition to exogenous feeding. The maturation of the digestive system, including the formation of gastric glands and the production of digestive enzymes, is a prerequisite for the effective digestion and absorption of nutrients from formulated feeds (Zambonino Infante &Cahu, 2001). Enzymatic activity plays a pivotal role in nutrient breakdown and assimilation during the weaning phase. Initially, larvae rely on brush border enzymes such as alkaline phosphatase and aminopeptidase, which gradually give way to the secretion of pancreatic enzymes including proteases, lipases, and amylases as the digestive organs mature. The ability of larvae to hydrolyze and absorb macronutrients is thus dependent on the timing of these enzymatic developments. Inadequate enzyme production during early weaning may lead to poor feed utilization and nutrient deficiencies (Cahu&Zambonino Infante, 2001). Nutritionally, weaning diets must be tailored to meet the specific requirements of fish larvae, which differ from those of juveniles and adults. High-quality proteins are essential to support rapid tissue development, while lipids, especially highly unsaturated fatty acids (HUFAs) like DHA and EPA, are crucial for neural development and membrane integrity. Additionally, adequate levels of vitamins such as A, D, E, and C, and minerals like zinc and selenium, are required to support immune function and prevent deformities. The lack of these critical nutrients in weaning diets can severely compromise larval health and performance (Izquierdo et al., 2000). An emerging concept in aquaculture nutrition is that of nutritional programming, which suggests that early dietary experiences can influence the long-term growth, metabolism, and health of fish. Exposure to specific nutrients or feed components during sensitive developmental windows can induce epigenetic modifications that affect gene expression related to digestion, immunity, and growth regulation. This highlights the importance of designing nutritionally complete and bioavailable weaning diets that not only meet immediate requirements but also have lasting benefits on fish development and aquaculture productivity (Geurden et al., 2007).	Comment by asusryzen_langsa2025@outlook.com: So which one of morphological changes or digestive enzymes system may significantly affects the larvae growth performance?
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Innovations in Weaning Diets
Over the past decade, significant advancements have been made in the formulation and delivery of weaning diets to enhance larval fish survival, growth, and health. These innovations have addressed key issues related to feed acceptability, digestibility, and nutrient bioavailability during the critical weaning phase.
Microdiets and Nanoencapsulated Feeds	Comment by asusryzen_langsa2025@outlook.com: This part give no any information, author suggests to add more explanation:
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Microdiets, designed with particle sizes that match the gape and feeding behavior of fish larvae, have become an essential tool in modern hatchery operations. Optimizing the particle size of weaning diets ensures better ingestion and reduces feed wastage. It has been found that particles smaller than 200 microns are generally ideal for most marine species during the early stages of weaning (Sales, 2011). Furthermore, nanoencapsulation techniques have been employed to improve nutrient stability in water, enhance palatability, and protect sensitive compounds like vitamins and fatty acids from oxidation. These technological improvements in microdiet design contribute to improved feed utilization and larval performance.
Co-feeding and Gradual Transition Diets
The co-feeding approach, which involves the simultaneous provision of live feeds and microdiets, has proven to be an effective strategy for facilitating the transition from live to formulated feeds. This method helps larvae gradually adapt to the texture, composition, and physical characteristics of inert feeds while continuing to receive essential nutrients from live organisms. Gradual weaning not only reduces stress but also minimizes mortality rates and ensures smoother adaptation to complete formulated diets. It is especially crucial in species with slow digestive development or those with strong preferences for live prey.
Enzyme-Supplemented Diets
One of the main limitations of early weaning is the underdevelopment of the larval digestive system, which can hinder the digestion of complex feed ingredients. To overcome this barrier, researchers have incorporated exogenous enzymes such as proteases, lipases, and carbohydrases into weaning diets. These enzymes assist in the pre-digestion of macronutrients, improving nutrient bioavailability and assimilation. According to Kolkovski (2001), enzyme supplementation not only enhances growth performance during weaning but also contributes to the early maturation of the digestive system, thereby reducing dependency on live feeds.	Comment by asusryzen_langsa2025@outlook.com: In which dAH these kind of enzymes can be fed to the larvae, give more explanation
Functional Feeds
Recent innovations have also focused on the inclusion of functional ingredients such as probiotics, prebiotics, and immunostimulants in larval weaning diets. These additives support gut health, modulate the immune response, and enhance disease resistance during the vulnerable weaning stage. Probiotics, like Lactobacillus and Bacillus species, have been shown to improve gut microbiota balance, while prebiotics such as inulin and mannan oligosaccharides act as substrates to promote beneficial bacterial growth. Immunostimulants like β-glucans and nucleotides further strengthen the larval immune system, leading to better survival and robustness under hatchery conditions.
Technological Advances in Feed Production
Technological progress in feed manufacturing has significantly improved the efficiency and effectiveness of weaning diets for fish larvae. Among the most impactful developments are spray-drying, microencapsulation, and cold extrusion techniques, which have revolutionized the physical and nutritional quality of formulated feeds. Spray-drying enables the production of fine, uniformly sized particles with good water dispersibility, while preserving sensitive nutrients such as vitamins, fatty acids, and enzymes. Microencapsulation further enhances feed stability by enclosing bioactive compounds within protective coatings, thereby preventing nutrient degradation and ensuring targeted release in the digestive tract. Cold extrusion, on the other hand, has emerged as a promising method for producing low-temperature processed feeds that retain heat-sensitive components. Unlike traditional extrusion, cold extrusion minimizes nutrient losses and allows for the inclusion of functional additives like probiotics and enzymes that would otherwise be destroyed under high heat. These technologies not only improve the nutritional profile of weaning feeds but also enhance their physical characteristics, such as water stability and palatability, which are critical for larval feed acceptance. Controlled-release and floating feed systems have also gained attention for their ability to optimize feeding efficiency. Floating microdiets remain suspended in the water column for extended periods, increasing the likelihood of ingestion by visually oriented larvae. Controlled-release formulations ensure that nutrients are gradually made available in the digestive tract, improving absorption rates and reducing nutrient wastage. A major concern in larval feeding is nutrient leaching, which occurs when feed particles dissolve in water before consumption. This results in not only nutrient loss but also deteriorates water quality. To address this, modern feed production techniques now emphasize strategies to enhance nutrient retention and minimize leaching. According to Person-Le Ruyet et al. (1993), improvements in feed matrix composition, binder usage, and coating technologies have significantly reduced leaching rates, thereby improving feed efficiency and maintaining water quality in rearing systems.
Species-Specific Weaning Strategies
Weaning strategies in aquaculture are highly species-dependent, owing to variations in feeding behavior, digestive physiology, and developmental timelines among fish species. Marine and freshwater species often require different approaches to achieve successful transition from live feed to formulated diets, and understanding these differences is crucial for optimizing larval rearing protocols. In marine aquaculture, species such as European sea bass (Dicentrarchuslabrax), cobia (Rachycentron canadum), and groupers (Epinephelus spp.) have been the focus of extensive weaning research. European sea bass larvae are typically weaned at 25–30 days post-hatch using co-feeding strategies that incorporate enriched Artemia and microdiets with high protein and HUFA content. Studies have shown that gradual reduction of live feed and the introduction of palatable, slow-sinking microdiets significantly improve feed acceptance and survival (Cahu&Zambonino Infante, 2001). Cobia, a fast-growing marine species, has also demonstrated good potential for early weaning. According to Faulk and Holt (2005), cobia larvae successfully accepted microbound diets as early as 12 days post-hatch when co-fed with rotifers and Artemia, resulting in high growth rates and reduced reliance on live feeds. Groupers, however, present more challenges due to their relatively slower digestive system development and strong preference for live prey. Successful weaning in groupers often requires extended co-feeding periods and use of attractants or enzyme-enhanced diets to stimulate feed intake (Tuan et al., 2016). In freshwater aquaculture, Indian major carps such as catla (Catlacatla) and rohu (Labeorohita), along with tilapia (Oreochromis spp.), represent key species of interest. Weaning strategies for catla and rohu typically involve initial feeding with zooplankton, followed by gradual introduction of finely ground formulated diets. These species adapt well to weaning when the diets are rich in digestible proteins and attractants, although success largely depends on water quality management and feed delivery techniques (De Silva & Anderson, 1995). Tilapia, on the other hand, is among the most adaptable species when it comes to early weaning. Larval tilapia can be successfully weaned onto artificial diets within 5–7 days post-hatch without significant reliance on live feed, provided the microdiet is appropriately sized and nutritionally balanced. Research by El-Sayed (2006) indicates that tilapia larvae accept formulated feeds readily, making them ideal for large-scale hatchery operations using cost-effective feeding protocols. Despite these successes, species-specific challenges persist. Factors such as inadequate digestive enzyme development, poor feed stability in water, and limited palatability can compromise weaning efficiency. Thus, species-tailored formulations and protocols remain essential for optimizing larval survival, growth, and overall hatchery productivity.
Impact of Weaning on Growth and Survival
The effectiveness of weaning strategies in aquaculture is primarily evaluated using quantitative metrics such as specific growth rate (SGR), feed conversion ratio (FCR), and survival percentage. These parameters provide insight into the physiological adaptability of larvae to formulated diets and the overall success of the transition from live feeds. An optimal weaning strategy should support high growth rates, efficient feed utilization, and minimal mortality. SGR, which measures the percentage increase in body weight per day, reflects the growth efficiency during the weaning phase, while FCR indicates how effectively the larvae convert feed into biomass. Lower FCR values represent better feed efficiency and are indicative of successful diet acceptance and nutrient assimilation. However, the transition from live to inert feed is not merely a nutritional challenge—it also induces behavioral and physiological stress responses in fish larvae. Abrupt weaning, or the premature withdrawal of live feed, can result in reduced feed intake, erratic swimming behavior, and increased aggression or cannibalism in some species. These stress-induced behaviors are often accompanied by compromised immunity and higher mortality rates. According to Yúfera and Darias (2007), stress responses during weaning are associated with neuroendocrine imbalances and altered metabolic profiles, which can impair growth and survival. Therefore, minimizing stress through gradual co-feeding, palatable diets, and maintaining stable environmental conditions is essential during this critical period. The timing of weaning plays a crucial role in determining performance outcomes. Early weaning can be cost-effective and reduce dependence on live feed, but it demands that the larval digestive system be sufficiently mature to handle formulated diets. If weaning is initiated before the larvae are physiologically prepared, it can lead to poor digestion, low nutrient absorption, and ultimately, stunted growth and increased mortality. On the other hand, delayed weaning, while often safer in terms of larval readiness, prolongs live feed use and raises production costs. Striking the right balance in timing is thus vital to achieving optimal growth, health, and economic efficiency in hatchery operations.
Challenges and Limitations
Despite significant advancements in larval weaning strategies, several challenges continue to hinder their universal application and success across fish species. One of the most persistent issues is the incomplete transition and poor acceptance of formulated feeds by fish larvae. Many species exhibit strong prey-recognition behavior toward live feeds, often rejecting inert diets due to differences in movement, texture, or taste. This rejection not only reduces feed intake but also leads to inconsistent growth among larvae, resulting in size heterogeneity and increased risk of cannibalism in certain species. Another major constraint is the digestive immaturity of fish larvae during early development. The enzymatic profile required for digesting complex macronutrients such as proteins, lipids, and carbohydrates is not fully developed at the onset of exogenous feeding. This physiological limitation often leads to poor digestion and low nutrient assimilation when larvae are offered artificial diets prematurely (Zambonino Infante &Cahu, 2001). The lack of adequate bile salt production, gastric acid secretion, and specific digestive enzymes contributes to nutritional gaps during the weaning period, compromising the health and performance of the larvae. High mortality rates are frequently reported during abrupt or poorly managed weaning transitions. The sudden withdrawal of live feed, without adequate acclimatization to formulated diets, can cause feeding cessation, leading to starvation and stress-induced mortality. This is particularly problematic in species with slow behavioral adaptation or delicate digestive physiology. Stress during this period is further exacerbated by environmental fluctuations, poor water quality from uneaten feed, and increased vulnerability to infections, which collectively impair the larval immune response and survival. To overcome these challenges, a more refined understanding of species-specific nutritional needs, digestive ontogeny, and behavioral feeding cues is essential. Developing palatable, nutritionally complete, and digestively compatible weaning diets, combined with gradual weaning protocols, remains key to reducing mortality and improving weaning efficiency in aquaculture hatcheries.
Future Directions and Research Gaps
As aquaculture continues to expand to meet global seafood demand, future weaning strategies must align with innovations in science and technology to enhance efficiency, sustainability, and species-specific customization. One promising area is the application of genomics and nutrigenomics to larval nutrition. By understanding gene expression in response to different dietary components, researchers can tailor diets that support optimal growth, immune development, and metabolic regulation in fish larvae. For instance, nutrigenomic studies have demonstrated that early-life nutrition can influence the expression of genes related to lipid metabolism, digestive enzymes, and stress responses (Morais et al., 2012). Such insights open avenues for nutritional programming—designing diets that have long-term effects on fish performance and health. The development of smart feeds and personalized nutrition is another emerging frontier. These concepts involve designing feeds that are not only species-specific but also adaptable to real-time physiological needs of larvae, potentially incorporating bio-sensing or responsive delivery systems. These feeds could respond to environmental cues such as temperature, pH, or even stress biomarkers, ensuring that larvae receive nutrients when they need them most. Integration of precision aquaculture tools, including sensors, automated feeders, and real-time monitoring systems, is also expected to revolutionize weaning protocols. These technologies allow for continuous tracking of feeding behavior, water quality, and larval growth, facilitating timely adjustments in feed type, quantity, and frequency. Precision approaches reduce feed wastage, enhance uniformity in growth, and improve survival rates, all while lowering environmental impact. In the context of sustainability, identifying and incorporating alternative feed ingredients remains a major research priority. The use of insect meal (e.g., black soldier fly larvae), microalgae (rich in omega-3 fatty acids), and plant-based proteins (such as soy or pea protein) offers promising solutions to reduce dependence on fishmeal and fish oil, which are limited and costly resources. These alternatives must be evaluated not only for nutritional adequacy but also for their digestibility, palatability, and effects on larval development. In summary, the future of weaning strategies in aquaculture lies in the convergence of nutritional science, biotechnology, and digital innovation. Addressing existing gaps such as species-specific feed requirements, digestive enzyme supplementation, and the development of scalable, cost-effective diets using sustainable resources will be crucial in shaping the next generation of larval rearing systems.
Conclusion
Weaning remains a pivotal stage in fish larval rearing, directly influencing growth performance, survival rates, and the economic sustainability of aquaculture systems. Over the past two decades, significant advancements have transformed traditional weaning practices by addressing key physiological, nutritional, and technological challenges. The development of microdiets and nanoencapsulated feeds, enzyme-supplemented formulations, and functional diets enriched with probiotics and immunostimulants has markedly improved feed acceptance, digestibility, and larval health (Kolkovski, 2001; Sales, 2011). Furthermore, co-feeding strategies and species-specific weaning protocols have enhanced adaptability and reduced dependence on live feeds, which are often costly and variable in quality. These innovations underscore the vital role of weaning strategies in promoting sustainable aquaculture. By optimizing feed conversion ratios, reducing nutrient leaching, and enabling the use of eco-friendly ingredients, modern weaning techniques contribute to more efficient and environmentally responsible fish farming practices (Person-Le Ruyet et al., 1993). Moreover, the integration of multidisciplinary approaches—including nutrigenomics, precision aquaculture, and sustainable feed technology—has opened new frontiers in personalized nutrition and real-time management. Moving forward, a greater emphasis on species-specific needs, early-life nutritional programming, and alternative feed resources will be essential. Collaborative research across disciplines such as fish physiology, feed science, biotechnology, and environmental engineering will be critical to refining weaning protocols and scaling up innovations for commercial hatcheries. In essence, the continued evolution of weaning strategies represents a cornerstone in the advancement of global aquaculture productivity and sustainability.
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