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Abstract
The co-feeding strategy for larval rearing appeared as a promising approach to enhance the survival, growth, and health of aquaculture species. This review discusses into the various co-feeding methodologies, examining the synergistic effects of combining live feeds with inert diets during the early development stages of aquatic animals. The integration of different feed types aims to capitalize on the nutritional completeness of live feeds while leveraging the convenience and cost-effectiveness of formulated diets. Key aspects covered include the physiological and nutritional benefits of co-feeding, optimal combinations and ratios of live and inert feeds, and the impact on larval development and immune responses. Additionally, the review addresses the practical implications of co-feeding in commercial aquaculture, highlighting advances in feed technology, feeding protocols, and the economic viability of this approach. Challenges such as feed palatability, microbial management, and the need for tailored feeding strategies for different species are also discussed. Through a comprehensive analysis of current research and practices, this review underscores the potential of co-feeding strategies to improve larval rearing outcomes, thereby contributing to the sustainability and productivity of aquaculture systems.
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Introduction 
Aquaculture is the rapidly growing food producing sector, plays a significant act in meeting the increasing global demand for aqua food (Subasinghe et al., 2009). Among the various factors influencing aquaculture success, diet stands out as a critical determinant during larval rearing of finfish and shellfish (Rønnestad et al., 2013). As the demand for aquatic food continues to rise, aquaculture practices have to adapt to meet this demand sustainably. Traditionally, live feeds such as Artemia, Moina, copepod, rotifers etc have been the cornerstone of larval nutrition due to their high nutritional value and palatability (Dhont et al., 2013). However, the exclusive reliance on live feeds poses challenges, including high production costs, variability in nutritional content, and potential pathogen transmission (Makridis et al., 2000; Bonaldo et al., 2011). 
Though, artificial larval diet provides consistent and precise nutrition (Kolkovski, 2013), it is not economically viable and also has several drawbacks. It often lacks essential nutrients and can be less digestible and palatable compared to live feed, leading to poor growth and development (Micheal et al., 1994). High costs and potential water quality issues, such as increased ammonia and nitrate levels, are major concerns (Schram et al., 2014). Additionally, there is a risk of disease transmission if the feed is not properly processed, and the production of artificial feeds can have environmental impacts. Lastly, larvae accustomed to live prey may struggle to adapt to artificial feeds, affecting their survival and growth rates. 
In terms of acceptance, nutrition, and other aspects, live feed organisms are superior to artificial larval feeds. Different species of fish have different feeding habits in natural water bodies, however, for improved growth and survival, the fish need live feed that is high in protein (Mandal et al., 2009). In response, exploring alternative feeding strategy that are both nutritious and environmentally friendly. To address these limitations, the co-feeding strategy, which involves the simultaneous use of live feeds and inert diets, has gained attraction. This approach seeks to combine the best attributes of both feed types: the nutritional completeness and bioavailability of live feeds with the stability, ease of storage, and economic benefits of formulated diets. By co-feeding, it is possible to achieve a more balanced and comprehensive nutritional profile that supports optimal larval development and enhances the immune response, ultimately leading to improved survival rates and growth performance. One area of innovation in aquaculture nutrition is the use of co-feeding strategy, that offers several advantages in promoting the growth, health, and quality of larvae. Due to its benefits, it creates nutritionally balanced diets suitable for various aquaculture species.
The following review will look into the mechanisms through which co-feeding exerts its effects, the different combinations and proportions of live and inert feeds used in various aquaculture practices, and the outcomes observed in terms of larval growth, health, and economic feasibility. Furthermore, the review will address the challenges and limitations associated with co-feeding and propose directions for future research to optimize this strategy for diverse aquaculture species. Through this comprehensive examination, the aim is to highlight the potential of co-feeding to enhance the efficiency and sustainability of larval rearing in aquaculture.
Importance of Larval Nutrition
Adequacy and appropriateness of the feed to be given to the fish hatchling is among the central challenges in the management of the hatcheries (Ezechi and Nwuba, 2007). Fish require food to grow in a healthy state in the early stages of their lives (Amornsakun et al., 2004). Knowledge of the special nutritional requirements of larval fish will be used to improve the quality of the fish produced in a culture environment and its potency. Larval fish feeding is an in-depth nutritional study of the nutritional requirements of larval fish, their physiological development and feeding and weaning strategies that will assist aquaculture researchers and experts to formulate and adopt superior cultural practices (Holt, 2011).
The biggest challenge during larval rearing is the transition from endogenous to exogenous food sources; thus, providing appropriate food is the key to better survival (Abi and Kestemont, 1994). Therefore, a pronto accessible, an easily digestible, high-nutrient meal can be utilized as a starting diet for larval fish (Giri et al., 2002). 
The most crucial phase of the production cycle is the larval fish rearing. In nature, essential requirements during this phase are met by feeding naturally available phytoplankton & zooplankton (broad spectrum of food, better nutrient assimilation due to auto-digestion characteristics, enzymes) (Dhont et al., 2013).

Live feed
Fishes feed on live feed organisms like zooplanktons and phytoplanktons. Phytoplankton is the smallest organism found in the food chain, which is normally consumed by zooplanktons. Fish and shellfish larvae can have an unrestricted access to live feeds that are capable of swimming within the water column and stimulating feeding responses in the larvae. (Bengtson, 2003). Such live feed organisms are the most treasured resource to aquaculture in an aquatic ecosystem. Nature has all the shellfish and fish larvae that feed off on phytoplankton and zooplankton organisms. Nonetheless, the natural fish food organisms are more common in greenish waters in ponds as compared to clear ponds. The green color is a sign that there is phytoplankton and other naturally occurring food creatures.
Live feed organisms are often referred to as "Living capsules of Nutrition" since they include all the nutrients, including necessary proteins, lipids, carbs, vitamins, minerals, amino acids, and fatty acids. One of the most dangerous stages of cultivation is the rearing of larvaeIt might be one of the most lucrative endeavors, though, if the larvae are sufficiently supplied live feed and are able to overcome the risk of mortality. Live feed is therefore crucial for fish and shellfish larvae. The newly hatched larvae of fish and shellfish begin exogenous feeding shortly after yolk absorption, but they have a small mouth (less than 0.1mm), a primitive digestive system, and poor digestibility. Therefore, artificial supplemental nourishment is not an option for these larvae. Their diet must consist of tiny, easily digestible, and nutrient-rich live feed.  
Phytoplankton:
	Feeding phytoplankton to finfish and shellfish larvae is a common practice in aquaculture due to its high nutritional value. Additionally, it comes in several sizes ranging from 5 to 25 microns, which perfectly fits the feed size needs for diverse aquatic organisms in their early phases (Halpati et al., 2024). Proteins, lipids, vitamins, minerals, and essential fatty acids—especially omega-3 (EPA and DHA)—are found in phytoplankton that are vital for larval development (Napiórkowska-Krzebietke, 2017). Numerous beneficial phytonutrients and biologically active components, such as fatty acids, amino acids, sterols, organic minerals, enzymes, carotenoids, chlorophyll, trace elements, vitamins, and antioxidants, are abundant in phytoplankton algae (Dunstan et al. 1992, Guedes and Malcata 2012, Shields and Lupatsch 2012, Kovač et al. 2013). The rich nutrient profile supports faster growth rates and higher survival rates. The antioxidants and vitamins help boost the larvae's immune system. Essential fatty acids contribute to better development of organs and overall health. Nutrient-rich microalgal strains of I. galbana and e.g. genera Chlorella, Tetraselmis, Haematococcus, Dunaliella, Skeletonema, Chaetoceros, Navicula, Thalossiosira, Amphora are currently cultured widely for bivalve, crustacean, rotifer or finfish larvae aquaculture (Shields, Lupatsch 2012). Furthermore, an experiment with larval Sparus aurata L. (gilthead seabream) and the, Solea senegalensis, sole (Kaup) fed with six different alga treatments (Tetraselmis chui, I. galbana and Nannochloropsis oculata) also demonstrated positive effects (Rocha et al. 2008).  It has been demonstrated that adding algae to the rearing tanks of marine fish larvae (green water culture) improves the quality of the fry as well as growth and survival (Reitain et al., 1997). Increased food intake by marine fish larvae is one of the positive outcomes linked to the inclusion of algae (Naas and Harboe, 1992). 
Zooplankton:
[bookmark: _Hlk172541890]Live prey organisms, primarily zooplankton, are essential for rearing fish larvae that do not accept artificial feeds (Leger et al., 1987). Brine shrimp (Artemia sp.), rotifers (Brachionus plicatilis), and Cladocera (Moina and daphnia), copepods are the most extensively used live feed among zooplankton for rearing marine water and freshwater fish larvae (Leger et al., 1987; Hosseinpour et al., 2010). Amornsakun et al. (2005) said that Anabas testudineus generally feeds rotifer, artemia, moina, or daphnia as an initial food. Copepods are typically believed to be able to provide fish larvae with the nourishment they need (Evjemo et al., 2003). During the larval stage, feeding wild zooplankton (copepods) to intensively grown Atlantic cod (Gadus morhua) can improve their growth and overall development (Busch et al., 2010, Imsland et al., 2006, Karlsen et al., 2015, Koedijk et al., 2010). 
In the natural food chain, zooplankton is a significant component of the nutrition of fish larvae. Feeding zooplankton to marine larvae is another essential practice in aquaculture, providing numerous benefits because of their high nutritional value and ease of digestion. Essent fatty acids, proteins, and lipids are abundant in zooplankton and are vital for the growth and development of larvae. These supply vital vitamins and minerals that promote general development and health. Zooplankton nutritional profile supports fast growth and increases larval survival. Essential fatty acids are necessary for the healthy development of the nervous system and other organs. Zooplankton are easier for larvae to digest compared to other food sources, reducing the risk of digestive issues. Rotifer, artemia, copepods, moina, tubifex etc are the typically used live feed in rearing of larvae.
Furthermore, some experimental studies on live feed enrichment, concerning Artemia and copepods, showed a possibility to obtain the sub-optimal lipid profiles and the improvement of the larval rearing success (Battaglene, Cobcroft 2007).
Rotifer (Brachionus calyciflorus) as a potential live feed
[bookmark: _Hlk172711901]The most essential live feed organisms for small fish larvae are rotifers, which are used as a starting diet (Watanabe et al.,1983; Lim and Wong, 1997; Awaiss and Kestemont, 1998; Lubzen et al., 2001). In addition, when moina is present in the rearing media, A. testudineus larvae prefer rotifer 3–8 days after hatching and display size and type preference during the initial larval stage (Singh et al., 2015). It’s size, nutritional content, and behavior make them a popular choice for mass culture as feed for marine fish larvae in their early stages.
Brachionus calyciflorus is the most common freshwater rotifers for mass cultures. It has been successfully reared on the microalgae Chlorella as well as yeast. For ornamental freshwater fish larvae, it is a suitable organism that can provide a sufficient amount of nutrition. When burbot (Lota lota L.) larvae were reared, groups fed rotifers supplemented with algae showed a much higher survival rate than those fed solely Artemia Spp. (Harzevili et al., 2003. Awaiss, 1991) found a less mortality of gudgeon (G. gobio) larvae that received Brachionus calyciflorus rotifer cultured on algae. The significance of fatty acid and other nutrient transport across the algae-rotifers-larvae food chain was discussed by Watanabe et al. (1983) and Dhert et al. (2001).
Moina 
In addition to its small size, high reproduction rate, wide temperature tolerance, and transparency, Moina's nutritional quality is widely acknowledged to be excellent for larvae of prawn and finfish species because of its jerky hopping movement in the water and other unique characteristics (Loh, 2011). Because of its high ecological value and accessibility in the majority of natural water resources, Moina sp. has recently been considered as a potential live feed (Loh, 2011). This freshwater zooplankton species found in many water bodies across the world and plays a significant role in the aquatic food web, particularly in tropical nations. They have a wide range of digestive enzymes, including cellulose, proteinase, peptidase, amylase, and lipase, which can act as exoenzymes in the fish larvae's gut to facilitate digestion (Lavens and Sorgeloos, 1996). Moina has high nutritional value. It has roughly 6.5% dry matter and 93.5% moisture. With 70% crude protein, 16.4% crude fat, 9.9% crude ash, and roughly 3.7% nitrogen-free extract on a dry weight basis, it is suitable as live feed for the majority of tropical and ornamental fish (Shim, 1988).
Artemia
	Artemia is a primitive arthropod that has segmented body parts and thoracopodes, which are large appendages that resemble leaves. Adult males are around 8–10 mm long, while females are about 10–12 mm long. Artemia, a zooplanktonic creature, is found worldwide in hypersaline environments such coastal salt pans, upland salt lakes, and artificial saltworks (Dhont et al., 2013). Almost all marine food fish species eat Artemia nauplii as a larval food after the rotifer-feeding period (Lim et al., 2003). Artemia given to carp and rainbow trout had high digestibility rates, according to Watanabe et al. (1978a), who also observed high values for net protein utilisation and protein efficiency ratio. Artemia contains enzymes like trypsin and amylase (Samain et al., 1980), which may also be crucial for enzymatic autolysis as the nauplii pass through the larval gut and contribute in digestion.Advantages of feeding live feed 
For various larval and nauplii species, it is an appropriate initial food and has a good nutritional profile. Artificial foods can often break down in the water tank, leaving residue and reducing the water quality, but live feed does not cause this problem and may improve the quality of your water. Because it can swim in the water column, larvae have constant access to it, and the movement of live feed triggers a feeding response in the larva. It provides minerals, vitamins, and medicine and aids in the aquaculture domestication of wild fish.
2.3.1.5 Disadvantages of feeding live feed 
High labour costs for culturing live feed organisms may decrease profitability margins. There are inherent constraints to the nutritional regulation of cultured organisms, and the availability of plankton through harvesting is seasonal dependent. Sometimes, it does not fulfil the nutritional requirements of larvae. Long-term usage of live feeds is expensive and might result in nutritional deficiencies since it lacks certain nutrients that are necessary for fish larvae to grow and develop (Callan et al., 2003; Ma et al., 2015). It has the ability to spread infectious viruses, bacteria, and protozoan parasites (Bonaldo et al., 2011; Makridis et al., 2000). Issues with hygiene may also arise when utilising harvested zooplankton. 
Therefore, the most straightforward substitution strategy is based on a fairly balanced combination of numerous characteristics, such as high survival and larval growth and low size dispersion and incidence of skeletal deformities, which immediately affects the quality of fingerlings during the growing phase (Fernández et al., 2018). Healthy cultured stock is essential for aquaculture's success, and supplying live feed to cultured stock in addition to added artificial feed helps maintain a disease-free, healthy stock. It is anticipated that co-feeding practices will guarantee good growth and survival rates while lowering expenses, stress reactions, and skeletal abnormalities (Djellata et al., 2021).
2.3.2 Artificial larval diet
Modern commercial aquaculture relies on manufactured feeds to provide the nutritional balance required. Fishes can feed efficiently and grow to their maximum capacity with the use of pellets, which give consistent and precise nutrition (Kolkovski, 2013). Micro-diets (MD) are generally considered weaning diets for larvae because their formulation is based on the larval nutritional requirements and the composition of its natural foods, zooplankton.
Live feed organisms are better than artificial larval meals in respect of nutrition, acceptability, and the rest. In spite of the fact that various fishes adopt varied feeding patterns in the natural water bodies, all the fishes require protein-based live feed to develop, procreate and even live (Mandal et al., 2009). The value and potential of the live feed organisms in the raising of aquatic species larvae by use of developments in the live feed enrichment methods has grown. The availability of sufficient live feed to rear the fish larvae, fry, and fingerlings is important in the hatchery production of fish fingerlings to be stocked within the grow-out production system (Lim et al., 2003).
Because live feed microorganisms contain all of the essential nutrients, they are termed "living nutrition capsules" by nutritionists and they contain all of the nutrients necessary to sustain life. The ability of juvenile fish and shellfish to survive and grow to their full potential depends on their being fed the right live feed at the right time (Das et al., 2012). 
2.3.2.1 Types of micro diets used for weaning fish larvae
MD should have high acceptability, and correct stability in water. It can be graded into adapted sizes (under 150-200 µm for rotifer substitutes and from 150 to 250 µm for artemia substitutes) (Kolkovski, 2013).
Dry MD is commonly classified into 3 or 4 types-
· Flakes and rehydratable diets which are obtained by pressure cooking methods.
· Micro-bound diets (MBD) which are obtained by binding powdered diets or a mash.
· Micro-encapsulated diets (MED) which are obtained by encapsulating a complete diet with a membrane.
· Micro-coated diets (MCD) which are obtained by coating powdered diets with specific materials.
2.3.2.2 Advantages of artificial diets 
Available in bulk as well as species and age-specific diets so provides the perfect nutrients to the fish. It can improve the utilization rate of feed, and reduces the feed coefficient. Disease prevention drugs can be mixed as additives in an artificial diet, from the role of disease prevention. Also, it is easy to store and use in automatic feeders because it is highly palatable.
2.3.2.3 Disadvantages of artificial diets 
It increases the water quality deterioration. The quality of feed can deteriorate due to improper storage. Sometimes, might not be recognised as food by newly domesticated species. For the majority of species' spawn, fry, and nauplii, it is too big to be their first food, and unhealthy fish do not eat it. Formulated diets have a tendency to sink to the bottom or gather on the water's surface, which reduces the amount of food accessible to larvae.
2.4 Co-feeding Strategies to Improve Growth and Survival
Different feeding strategies can be used to suppress or reduce live prey utilization, like instant weaning at first feeding in large-sized larvae, natural weaning before metamorphosis and progressive weaning as soon as possible for small-sized larvae, and co-feeding (Holt, 2011). 
The best weaning protocol is based on a good balance of several parameters, such as high larval growth and survival, and low size dispersion and skeletal anomalies incidence, directly impacting on quality of fingerlings during the developing stage (Gisbert et al., 2014). Co-feeding is the term used to describe the usage of prepared diets in combination with live feed during the early stages of larvae. It is anticipated that co-feeding procedures will guarantee high rates of growth and survival with lowering the costs, stress response, and incidence of skeletal abnormalities (Djellata et al., 2021). The only use of live feed as larval feed is not economically and physically good. Co-feeding techniques can reduce the quantitative needs of live feed organisms with improving overall ingestion and promote growth, which exceeds the live-food reference. It helps meet the nutritional requirements that are deficient in live feed (Holt, 2011). It has been shown that co-feeding marine fish larvae from an early embryonic stage enhances their growth and survival when compared to using only live feed (Rosenlund et al., 1997). In addition to enhancing nutrition, co-feeding may prepare the larvae to take the synthetic diet more easily after live feed is stopped. Co-feeding can address the issue of insufficient nutrient supply that arises when the maximum eating rate of the larvae is exceeded by the amount of live prey needed for maximum growth.
The growth and survival of larvae co-fed with artemia in the range of 1%, 25%, and 50% during the weaning period in greater amberjack were significantly higher than those fed with protocols 75% and 100%, and the total number of severe skeletal anomalies was higher in larvae fed protocols 1% and 25%, according to Djellata et al. (2021). Additionally, in all co-feeding procedures, the expression of genes linked to growth and stress was higher at 40 dph and subsequently sharply declined at 48 dph. According to the findings of this investigation, the quantity of Artemia sp. used during this species' weaning phase can be greatly decreased (Djellata et al., 2021). Co-feeding with dry and live feed in first-feeding of gilthead seabream larvae; effects on functional development of the digestive system, did not affect much larvae growth but enhance the post-larvae performance (Karakatsouli et al., 2021). This study investigated the effects of co-feeding artificial feeds and artemia on the growth, survival, and fatty acid composition of early juvenile silver Leiopotherapon plumbeus. The survival rate of early juveniles fed both Artemia and commercial diets was much greater (97%) than that of those fed Artemia alone (86%) (Aya et al., 2021). The findings show that when M. anguillicaudatus larvae were co-fed live and dry feed (co-feeding), they were able to complete metamorphosis and overcome larvae fed either live feed or dry diets alone (Wang et al., 2009). Because larvae fed Moina and inert food had a greater SGR than larvae fed Artemia nauplii and inert diet, Moina proven to be a good feed for growing Channa striata larvae (Saadiah et al., 2004). Adult artemia, moina, tubifex worms, clam flesh, and poultry egg custard was among the five live or inert food species that were assessed as feed for Macrobrachium rosenbergii post-larvae. According to a study, moina is the best food for M. rosenbergii postlarvae among the live and inert foods that were looked at (Indulkar and Belsare, 2003). The study showed that the long co-feeding period showed good survival over 70% compared to the shortest period and an increase in growth in Cyprinus carpio larvae cultured in an indoor system (Fosse et al., 2018). While in Chinese long snout catﬁsh larvae showed that the survival, growth and digestive enzyme activities were signiﬁcantly inﬂuenced by the sudden introduction of micro diet but co-feeding could reduce the stress to larvae-; as a result, weaning could begin at 6 dph with co-feeding (Liu et al., 2012).
Conclusion:
Based on the above review of the worldwide scientific literature, it can be concluded that co-feeding strategy is best for larval rearing compared to weaning with live feed or artificial diet alone. Co-feeding strategy overcome with the individual disadvantages of live feed and artificial diet. This strategy is economically viable and fulfil the larval nutrient requirement. This strategy will be helpful for successful hatchery management.
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