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Review Article
Black Soldier Fly Larvae Meal as an Alternative to Fishmeal in Aquaculture Nutrition


Abstract
The increasing aquaculture feed production and the decreasing resources of fishmeal imply that the generation of other sources of protein is a significant matter. A possible alternative that might replace fishmeal is larvae black soldier fly larvae meal (BSFLM) of black soldier fly (Hermetia illucens) as it contains a high protein level (40-65%), balanced composition of amino acids, and antimicrobial peptides. This review observes the nutritional profile of BSFLM, bioavailability, impact of the nutrient on growth performance, immune modulation capacity and economic feasibility of aquaculture systems. Regardless of the fact that such advantages are observed as waste valorization and low environmental footprint, where the challenges still exist in the framework of chitin digestibility, the calcium-phosphorus ratio, and prone to lipid oxidation, the regulatory frameworks to be considered. The formulated BSFLM to be included in commercial aquafeeds should be based on strategic processing methods and species-specific formulations and conventional manufacturing mechanisms.
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Introduction
This reliance on wild-caught fish, primarily for fishmeal and fish oil, raises significant ecological concerns regarding overfishing and the stability of marine ecosystems (Konstantinidis et al., 2022). This escalating demand also exacerbates economic issues, as the decreasing supply of marine resources directly impacts the cost of aquaculture feed and, consequently, the economic viability of the industry (Gougbédji et al., 2022). Consequently, the pursuit of sustainable and economically feasible alternatives to traditional fishmeal has become a critical area of research and development within aquaculture (Oteri et al., 2021). This urgency has led to extensive investigation into novel protein sources, such as insect meals, which offer a promising pathway to reduce reliance on marine-derived ingredients while maintaining nutritional integrity and promoting environmental sustainability (Mohan et al., 2022). One such promising alternative is black soldier fly larvae meal, which offers a high protein content and balanced amino acid profile, making it a viable substitute for conventional fishmeal in aquafeeds (Dîrvariu et al., 2025). Figure 1 illustrates the life cycle and production system of the black soldier fly, a key factor in its potential as a sustainable protein source for aquaculture feeds. This review delves into the nutritional attributes, bioavailability, and impact on growth performance, immune modulation, and economic feasibility of incorporating black soldier fly larvae meal into aquaculture systems (Fantatto et al., 2024). Despite the potential, challenges remain regarding chitin digestibility, calcium-phosphorus ratios, and susceptibility to lipid oxidation, necessitating strategic processing and species-specific formulations to optimize its inclusion in commercial aquafeeds. The rising global population further accentuates the need for sustainable protein sources for both human consumption and animal feed, making the exploration of alternative protein options like insect meal increasingly vital (Yadav et al., 2025). The aquaculture sector's rapid expansion necessitates the identification of innovative and sustainable protein alternatives to conventional fishmeal, which is heavily reliant on finite marine resources (Fantatto et al., 2024). The dependency on food fish for aquafeeds contributes to overfishing and marine ecosystem degradation, threatening the long-term sustainability and economic competitiveness of the aquaculture industry (Serra et al., 2024). This urgent need has spurred significant research into alternative protein sources, with insect-based feeds emerging as a particularly promising and sustainable solution to mitigate these environmental and economic pressures (Khan et al., 2025; Macusi et al., 2023; Zhang et al., 2023). Among various insect species, the black soldier fly has garnered considerable attention due to its ability to convert organic waste into high-quality protein, requiring minimal land and water resources while producing fewer greenhouse gas emissions compared to traditional protein sources (Bingqian et al., 2024; Priyadarshana et al., 2022). 








Figure 1: Black Soldier Fly Life Cycle and Production System















Methodology
This section outlines the experimental designs, analytical techniques, and statistical approaches employed to evaluate the efficacy of black soldier fly larvae meal in various aquaculture applications. Specifically, studies evaluating growth performance often utilize controlled feeding trials where different inclusion levels of black soldier fly larvae meal are tested against conventional fishmeal diets, measuring parameters such as weight gain, feed conversion ratio, and specific growth rate (Bingqian et al., 2024). Beyond these performance metrics, research also investigates the digestibility of nutrients, amino acid profiles, and the bioavailability of essential minerals when black soldier fly larvae meal is incorporated into aquafeeds (Kariuki et al., 2024; Shati et al., 2022). Immunological responses and disease resistance are assessed through challenge tests and analysis of immune parameters, providing insight into the holistic health benefits for aquatic species (Oteri et al., 2021). Economic viability is evaluated by analyzing production costs, market prices, and overall profitability of aquafeed formulations incorporating black soldier fly larvae meal. Environmental impact assessments further contextualize the sustainability advantages, considering factors such as carbon footprint, water usage, and waste reduction associated with black soldier fly larvae production (Chaklader et al., 2021). Such rigorous methodology ensures a comprehensive understanding of the multifaceted implications of integrating insect-based proteins into aquaculture feed, thereby informing industry best practices and regulatory frameworks. This comprehensive approach allows for a thorough evaluation of the ecological and economic benefits, paving the way for wider adoption of these sustainable feed ingredients (Albalawneh et al., 2025; Sampathkumar et al., 2023). One notable advantage of black soldier fly larvae is their capacity to bioconvert organic by-products into a nutrient-rich biomass, thereby transforming waste streams into valuable resources (Lopes et al., 2025; Rossi et al., 2023). 
Nutritional Composition of Black Soldier Fly Larvae Meal
The black soldier fly larvae have a high level of nutritional variability that is determined by the composition of the substrates, the age of the larvae, methodology of processing, and environmental conditions during rearing. BSFLM is generally 40-45% crude protein on a dry matter basis though in literature it has been found to range between 35-65% depending on defatting methods (Table 1). The protein fraction has high biological value and the digestibility coefficients of the protein are over 85 % of most aquaculture species. When compared to the plant-based alternatives that are usually low in limiting amino acids, BSFLM offers balanced essential amino acid configurations that are extremely high in lysine (5.8-7.2% of protein), methionine (1.8-2.5%), and threonine (3.5-4.2%), which are close to the aquatic species needs.
Whole BSFLM lipids are ranged radically at 15-40% according to larval food source and extraction methodologies. Fatty acid profile illustrates the presence of saturated fatty acids especially lauric acid (C12:0) 30-60% of all the fatty acids when larvae fed on high-carbohydrate substrates. Lauric acid is a gram-positive antimicrobial agent that has immunomodulatory effects in fish. Nonetheless, BSFLM usually has a smaller amount of long-chain polyunsaturated fatty acids (LC-PUFA), namely, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which are necessary in the nutrition of sea fish. This imbalance requires nutritional supplementation or substrate alteration measures to normalize fatty acid profiles to meet particular aquaculture requirements.
The nutritional composition of black soldier fly larvae exhibits a rich profile of fatty acids, proteins, and essential minerals, positioning it as a strong contender to replace conventional protein sources like soybean meal and fish meal in animal diets (Lu et al., 2022; Yadav et al., 2025). This intrinsic versatility allows for its integration into various animal feed formulations, reducing the dependence on more environmentally impactful ingredients (Yadav et al., 2025). Moreover, black soldier fly larvae meal provides essential amino acids, minerals, and vitamins that are crucial for the growth and physiological functions of aquatic species (Tippayadara et al., 2021). Furthermore, the high lipid content, particularly unsaturated fatty acids, within the larvae contributes significantly to the energy requirements of farmed fish, enhancing overall growth and feed efficiency (Alvanou et al., 2023). The larvae also contain antimicrobial peptides and chitin, which can positively influence the immune response and gut health of aquatic organisms, thereby improving disease resistance (Fronte et al., 2021). Moreover, the ability to rear insects on various by-products further enhances their environmental sustainability by reducing agricultural land use and minimizing pressure on natural resources (Rossi et al., 2025). This bioconversion process mitigates waste accumulation and offers a circular economy approach to feed production, aligning with broader sustainability goals in aquaculture (Nyamuhirwa et al., 2025). This approach also provides a solution for waste valorization, transforming organic waste streams into valuable biomass for aquafeed production (Hosseindoust et al., 2023). This innovative method not only addresses the protein deficit in aquaculture but also offers an effective strategy for managing organic waste, contributing to a more circular and sustainable food system (Hosseindoust et al., 2023). 
Amino acid Profile and Biological Value.
Thorough amino acid analysis shows that BSFLM is better than traditional plant proteins in terms of the availability of essential amino acids. Lysine levels (2.5 -3.2 percent DM) are much higher than those of soybean meal, and these values overcome an enormous constraint in plant-based aquafeeds. The combination of Methionine and cysteine gives up 1.8-2.4% of dry matter, which promotes growth, immune activities, and antioxidant-like production. The level of arginine (2.5-3.0) fulfills the effects of nitric oxide production and immune competence, and leucine, isoleucine, and valine meet the demands of branched-chain amino acids in protein synthesis and energy metabolism.
Most of the aquaculture species have protein digestibility-corrected amino acid score (PDCAAS) of over 0.85, which denotes high protein quality, close to fishmeal standard. Nevertheless, chitin, a structural polysaccharide (5-8% of whole larvae dry matter) has the potential to decrease the digestibility of proteins and minerals in relation to chelation effects and physical encapsulation. The age of the larva negatively correlates with the chitin content, and the younger instar larvae had a greater percentage of chitin. Anti-nutritional effects of chitin can be reduced by strategic timing of harvest and processing such as mechanical grinding, enzymatic hydrolysis or microbial fermentation without reducing the quality of protein.
Mineral Content and Bioavailability
BSFLM exhibits high mineral density especially in the aspects of calcium and phosphorus due to the exoskeletal chitin-calcium carbonate complex. The level of calcium is 5-8 % of dry matter, which is much higher than fishmeal (3-5 %) and most vegetable products (less than 1 %). But this high level of calcium causes unbalanced calcium to phosphorus ratios (3:1 to 8:1) in opposition to optimal aquafeed ratios (1:1 to 2:1). High amounts of dietary calcium may cause phosphorus to be precipitated by the calcium-phosphate complexes being insoluble in the digestive tract decreasing the phosphorus bioavailability and may even cause deficiency symptoms even with adequate total phosphorus.
Phosphorus in BSFLM exists mostly in organic forms that are related to protein and phospholipids, which has the greater bioavailability in comparison to phytate-phosphorus in plants. Iron levels (300-800 mg/kg) are significantly higher than those of fishmeal, which are beneficial in the production of hemoglobin and oxygen. Zinc (150-300 mg/kg) and copper (20-50 mg/kg) are sufficient amounts of the cofactor of the enzyme and immune system support. Magnesium, manganese and selenium are in concentration that satisfies aquatic species needs, but bioavailability is dependent on interactions between diets and species-specific physiological adaptations.
Antimicrobial Peptides and Bioactive Compounds
In addition to traditional nutrients, BSFLM possesses a variety of bioactive compounds that have functional properties that can be applied in health management of aquaculture. Antimicrobial peptides (AMPs) such as cecropins, defensins, and attacins are broad-spectrum antimicrobial agents against pathogenic bacteria, fungi and some viruses. It is these peptides that survive in part due to processing and by gastric digestion, which might alter the composition of gut microbiota, and increase resistance to disease. Studies have shown BSFLM supplementation helps to reduce colonization of pathogens in fish intestines and help preserve beneficial bacteria such as Lactobacillus and Bacillus species.
Besides its antimicrobial effects, lauric acid has anti-inflammatory effects by regulating the production of eicosanoids. Chitin and its deacetylated analogue chitosan are immunostimulants and induce innate immune responses, such as phagocytosis, active lysozyme, and complement system components. Immunomodulatory effects can be attributed to these effects showing a greater resistance to disease in BSFLM-fed fish than would be predicted by nutritional composition alone. Also, BSFLM consists of phenolic compounds, melanin precursors and carotenoids (in limited amounts) as part of antioxidant defenses, although the amounts remain significantly low compared to dedicated sources, such as algae or crustacean diet.
Table 1: Proximate Composition of Black Soldier Fly Larvae Meal Compared to Conventional Protein Sources
	Parameter
	BSFLM
	Fishmeal
	Soybean Meal
	Poultry By-Product Meal

	Crude Protein (%)
	40-45
	60-72
	44-48
	55-65

	Crude Lipid (%)
	15-40
	8-12
	1-3
	10-15

	Crude Fiber (%)
	7-12
	0-1
	3-7
	2-4

	Ash (%)
	10-18
	15-20
	6-7
	12-18

	Chitin (%)
	5-8
	0
	0
	0

	Calcium (%)
	5-8
	3-5
	0.3-0.5
	3-5

	Phosphorus (%)
	0.8-1.5
	2.5-3.5
	0.6-0.7
	2-3



Digestibility and Nutrient Bioavailability in Aquatic Species
Protein Digestibility Coefficients
BSFLM protein apparent digestibility Coefficients (ADC) across aquaculture species differ amongst species and thus represent differences in digestive physiology, capacity to produce enzymes and dietary adaptation. Protein ADC values in rainbow trout (Oncorhynchus mykiss) are 82-89% which is close to or even higher than fish meal digestibility (85-92%). Atlantic salmon (Salmo salar) show equivalent patterns of digestibility with ADC values of 80-88% of BSFLM proteins. These carnivorous species have powerful protease systems that completely break insect proteins even though they have structural dissimilarity with fish proteins. Table 2 showed apparent digestibility coefficients of BSFLM nutrients across selected aquaculture species.
Exceptional BSFLM protein digestibility is observed in omnivorous species such as Nile tilapia (Oreochromis niloticus) with ADC values of 88-93 (which can be higher than fishmeal in comparative studies). The tilapia digestive tract is long and the digestive environment is alkaline, which produces efficient protein hydrolysis and absorption of amino acids. The channel catfish, Ictalurus punctatus also exhibits a high BSFLM protein digestibility (85-91%), which justifies a high level of fishmeal substitution without interfering with the growth performance. These results indicate that omnivorous freshwater species are the best candidates to include in BSFLM integration since they have a digestive physiological fitness with the insectaceous proteins.
There are more digestibility patterns between marine fish species. BSFLM protein ADC values in European seabass (Dicentrarchus labrax) lie between 75-85% which is a little below the fishmeal standards. This decrease could be associated with the chitin interference, differences in amino acid profile, or the evolutionary specialization of diet on marine organisms. Another economically valuable marine nutrient of interest is gilthead seabream (Sparus aurata) which shows protein digestibility of 78-86% when fed BSFLM, and the digestibility is enhanced after defatting and grinding of samples which minimizes the particle size, and breaks up chitin-protein matrices.
Table 2: Apparent Digestibility Coefficients of BSFLM Nutrients Across Selected Aquaculture Species
	Species
	Protein ADC (%)
	Lipid ADC (%)
	Energy ADC (%)
	Phosphorus ADC (%)

	Rainbow Trout
	82-89
	90-95
	85-90
	70-78

	Atlantic Salmon
	80-88
	88-93
	83-89
	68-75

	Nile Tilapia
	88-93
	92-96
	88-92
	72-80

	Channel Catfish
	85-91
	89-94
	86-91
	70-76

	European Seabass
	75-85
	85-92
	80-88
	65-72

	Pacific White Shrimp
	78-84
	82-88
	78-85
	62-70

	Common Carp
	86-92
	90-95
	87-92
	74-82



Lipid Digestibility and Fatty Acid Absorption
BSFLM lipid can be digested by most species of aquaculture (typically over 85 %), which is credited to the preponderance of saturated fatty acids and the presence of phospholipids that enable the formation of emulsions and micelles. BSFLM lipids are absorbed by rainbow trout with an ADC value of 90-95 that is comparable to fish oil digestibility. The beta-oxidation of the high level of lauric acid is an efficient process that supplies easy to spend energy and helps to grow as long as the levels of dietary energy are optimal.
The special fatty acid profile however has implications of tissue composition. Fish fed BSFLM based diets have higher saturated fatty acid deposition of flesh and lower EPA and DHA levels than fish meal fed counterparts. This effect demonstrates the introduction of dietary fatty acids into tissue lipids, which is an issue in the case of species sold to humans where the content of omega-3 LC-PUFA affects the nutritional quality and acceptance to consumers. Modification of the fatty acid composition of tissues can be corrected using strategic supplementation with fish oil, algal oils, or genetically modified oilseeds without altering BSFLM as the main protein source.
The medium-chain fatty acids, especially lauric acid, exhibit selective oxidation in relation to long-chain fatty acids, diverting the energy to protein synthesis and growth, and not to lipid deposition. This metabolic property is possibly leading to improved feed efficiency and less fat deposition which is positive effects to the economics of producing aquaculture. However, when using BSFLM in early life stage feeds, species-specific fatty acid needs, which are critical to the development of neurological and visual systems of a marine fish larvae.
Mineral Bioavailability and Anti-Nutritional Factors
The bioavailability of minerals through BSFLM exhibits complicated interactions among the forms of nutrients, effects of the dietary matrix, and interference with the anti-nutritional factors. The bioavailability of calcium is disputed with some studies showing that it is adequately absorbed despite high levels of calcium, whilst others record the interference with phosphorus and trace mineral uptake. Calcium-carbonate complex of exoskeletons is less soluble than calcium-phosphate salts and thus may have restricted uptake especially in species with acidic stomachs that promote dissolution of minerals.
The phosphorus bioavailability of BSFLM (60-75%) is much higher than the plant sources of phytate-phosphorus (30-50% availability) and this is a huge plus on the reduction of inorganic phosphorus supplementation and the environmental pollution caused by aquaculture effluents. BSFLM develops the organic phosphorus and this is efficiently hydrolyzed by endogenous phosphatases to support skeletal growth, and energy metabolism and do not necessitate microbial supplementation of phytases.
The chelating potential of chitin has the potential to decrease the bioavailability of zinc, iron, and copper by forming a coordination complex. Practical feeding experiments, however, hardly report trace mineral deficiency syndrome in BSFLM-fed fish implying either sufficient bioavailability during physiological conditions or sufficient concentrations of dietary trace minerals counteracting decreased absorption efficiency. Enzymatic or acid hydrolysis can also be used to decrease chitin molecular weight, which decreases chelating capacity (without compromising protein integrity) and may increase overall mineral bioavailability of BSFLM-based aquafeeds.
Growth Performance and Feed Utilization Efficiency
Effects on Growth Rates and Body Weight Gain
Insufficient studies on various aquaculture species prove the ability of BSFLM to achieve similar growth performance as fishmeal-based diets with optimal replacement percentages and dietary composition. BSFLM as a replacement of fishmeal up to 50% in rainbow trout does not affect growth rates, feed conversion ratio (FCR), and protein efficiency ratio (PER), which are statistically equal to controls. Replacement of fishmeal (100 %) has been shown to be variable based on dietary formulation with some studies showing that 10-15 % growth loss compared to others which performed well with amino acid supplementation and palatability improvement.
Nile tilapia has exceptional tolerance to high BSFLM inclusion rates with total fishmeal replacement provides similar growth performance to fishmeal controls and sometimes higher. Research records an increase in weight gain of 5-12% in tilapia juveniles fed on completely replaced diets of BSFLM when compared with traditional fishmeal diets because of elevated digestibility and health of the gut together with the benefits of antimicrobial peptides. Channel catfish also do not show growth performance loss with full replacement of fishmeal by BSFLM, which makes these omnivorous species the best ones to use in BSFLM-based feed plans.
Atlantic salmon although with a good acceptance of BSFLM to 60 % fishmeal substitution performance is impaired at higher inclusion rates unless dietary modifications are undertaken to counter amino acid ratios and fatty acid patterns. In the research that lacks strategic nutritional supplementation, growth decreases of 8-18% with 80-100% replacement, with nutrition-specific species needs and dietary optimization being emphasized. Most marine species such as European seabass and gilthead seabream can be substituted with BSFLM by 25-50% of fishmeal, and maintain commercial growth levels, although total replacement normally requires a massive dietary adjustment.
Feed Conversion Ratio and Protein Efficiency Ratio 
Feed conversion ratios are the indicators of feed per unit weight gain, the economic indicators that are critical in determining the profitability of aquaculture. Other species Replacement of 5-10% fishmeal by BSFLM inclusion to 40-60% commonly does not change FCR values by more than 5-10%. Rainbow trout fed half BSFLM replacement diets have FCR of 1.05-1.15, equal to fishmeal control FCR of 1.00-1.10. This low variation implies that insect-based proteins are metabolized efficiently, and their frequency of energy utilization, as well as nutrient usage, is low.
Protein efficiency ratios (weight gain/grams of protein intake) are used to give an idea about the effectiveness of protein utilization. The normal range of PER in BSFLM-based diets in carnivorous species and omnivorous species is 2.0-2.8 and 2.5-3.5, respectively, and is comparable or nearly to fishmeal-based diet performance. The biological value of BSFLM protein is high, amino acids are well balanced, and it has the ability to be digested and this promotes efficient protein deposition and growth. But when dietary inclusion is excessive of the tolerance levels in the species, it may decrease PER either by imbalances of amino acids, interference of chitin or due to palatability problems with the feed.
The other important sustainability indicator that must be considered when there are environmental issues regarding nitrogen pollution caused by aquaculture can be expressed as nitrogen retention efficiency, which is the percentage of ingested nitrogen that ends up in body tissue. BSFLM-based diets have a nitrogen retention rate of 30-45 % based on species and level of dietary protein, which is comparable or sometimes greater than fishmeal-based formulation. Such efficiency implies proper balance of amino acids and protein content in support of anabolic development and reduced production of nitrogen waste, which is a great benefit in developing environmentally friendly aquaculture.
Feed Palatability and Acceptance
Feed palatability largely influences growth performance, which can be identified by its effects on voluntary feed intake, in which BSFLM has been found to respond species-dependently. Many studies have a neutral or positive palatability impact, but some species favour the BSFLM based diets over the conventional ones. Due to the presence of nucleotides, free amino acids and other flavor compounds in BSFLM, chemosensory stimulation and feeding motivation can go up. Rainbow trout and Atlantic salmon will generally accept diets based on BSFLM, but in other studies the diet has been found to be lower at high inclusion rates (more than 60 % replacement), potentially because of changed flavor profile or changed texture.
Tilapia and catfish species are consistently depicted to be exceedingly tolerant to BSFLM-based feeds of all inclusion perplexities and this confirms the hypothesis that omnivorous species with an evolutionary history of consuming insects have greater compatibility with insect-based proteins. Microinsect larvae are also frequently found in the gut analysis of wild tilapia resources, implying the potential of natural exposure to the diet and thus they would develop physiological and behavioral tolerability to accommodate BSFLM.
In marine species, there are additional changeable responses in palatability. Some studies are said to have decreased feed intake of European seabass and gilthead seabream when the BSFLM addition is more than 50 although other studies note no palatability issues with dietary formulation with attractants and flavor enhancers. The crustaceans like the Pacific white shrimp (Litopenaeus vannamei) are likely to receive BSFLM satisfactorily until about 50 % of fishmeal replacement and incorporation of the chitin may possess a favorable fiber effect that keeps the gut healthy and immune.
Results
The results section will synthesize findings from studies investigating the impact of BSFLM on growth performance, nutrient utilization, and overall health in various aquatic species. These findings demonstrate the promising potential of BSFLM as a sustainable and effective alternative to conventional fishmeal in aquaculture feeds, although further research is needed to optimize its inclusion levels and processing methods for different species (Kariuki et al., 2024; Linh et al., 2024). Several studies have indicated that partial or total replacement of fishmeal with black soldier fly meal does not negatively impact the growth performance and metabolic responses of aquatic species like African catfish (Gebremichael et al., 2023) and Black molly (Das, 2023). Furthermore, research on Tambaqui indicates that incorporating 10.5% wholemeal BSFL meal into diets can lead to superior growth compared to traditional ingredients, highlighting the cost-effectiveness of wholemeal over defatted alternatives due to reduced processing (Santos et al., 2023). 
Discussion
However, the economic profitability and efficiency of insect-based aquafeeds, specifically those incorporating black soldier fly larval meal, for species such as Nile Tilapia, warrant further comprehensive investigation (Rawski et al., 2021; Wachira et al., 2021). For instance, partial replacement of fishmeal with BSFLM in diets for Nile tilapia has been shown to improve profitability without compromising fish growth (Kariuki et al., 2024). This economic viability is particularly critical as feed constitutes a significant portion up to 70% of the total operational costs in aquaculture (Florien et al., 2022; Murcia-Ordoñez et al., 2022). Moreover, the integration of black soldier fly meal in aquaculture feeds presents a promising pathway toward enhanced sustainability by reducing reliance on finite marine resources and mitigating the environmental impact associated with traditional feed ingredients (Sharifinia et al., 2023). This shift promotes a circular economy, transforming organic waste into high-value protein, thereby alleviating pressure on marine ecosystems and diminishing the carbon footprint of aquaculture (Nyamuhirwa et al., 2025). Figure 2 compares the environmental footprints of various protein sources, illustrating the advantages of black soldier fly larvae meal in terms of sustainability and its reduced impact on the environment. Nevertheless, thorough consideration of the optimal inclusion levels of BSFLM is crucial, as its nutritional composition, particularly its high chitin content, can vary and potentially affect digestibility and nutrient utilization in certain aquatic species (Gougbédji et al., 2022). 
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Figure 2: Comparative Environmental Footprint of Black Soldier Fly Larvae Meal and Conventional Protein Sources













Conclusion
Black soldier fly larvae meal represents a transformative innovation in aquaculture nutrition, offering sustainable protein alternatives addressing critical challenges of fishmeal dependency, resource depletion, and environmental sustainability while supporting growth performance, immune function, and production economics across diverse species. Comprehensive research demonstrates BSFLM's nutritional adequacy, containing 40-45% protein with balanced amino acid profiles, supporting 25-100% fishmeal replacement depending on species, formulation strategies, and production stage. Beyond conventional nutritional attributes, antimicrobial peptides, immunostimulatory compounds, and lauric acid provide functional benefits enhancing disease resistance and reducing medication requirements, translating to production improvements beyond what compositional analysis alone would predict.
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