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ABSTRACT  
 
 Aquaculture relies on the heavy use of fish meal (FM) and fish oil (FO) as the main 

sources for protein and lipid in commercial aquafeeds. These base ingredients are rendered from 

wild stocks of marine forage fish and have been significant inputs for the manufacture of feed for 

livestock because of their complete nutritional profile and traditionally extensive availability. 

However, growing demand for seafood products have considerably increased the cost of these 

feedstuffs, making their prolonged use at excessive levels in aquafeeds both economically and 

environmentally unsustainable. For the industry to secure the sustained growth of aquaculture, it 

is necessary to use FM and FO more sparingly and improve formulations for fish that do not 

completely rely on FM and FO as primary sources of protein or lipid. Recent energy has been 

expended toward identifying unconventional proteins and lipids that can partially or fully replace 

FM and FO in aquafeeds, and the most promising are ingredients made from insects like black 

soldier fly larvae (BSFL). Though, the nutritional composition of insect protein is sometimes 

limited and their use at higher inclusion levels can negatively affect fish growth and health. For 

instance, BSFL protein, although relatively high in crude protein and sufficient in most all 

essential amino acids (EAA), typically display higher crude fat percentages and are generally 

deficient in methionine.  

Research has shown that microbial fermentation of protein meals can reduce crude fat 

and increase protein consequently forming more complete nutritional profiles for aquafeeds. 

Furthermore, beneficial microorganisms and microbial fermentation of proteins can 

cooperatively assist the gastrointestinal tract in fish to increase the digestibility of feed in aquatic 

animals. Subsequently, cultured aquatic animals display increased feed efficiency, growth, 

immunity, and tolerance to numerous biotic and abiotic stressors. Antinutritional factors are not 

usually a concern with alternative lipids, though replacement of FO with plant oils is still a 

challenge in fish nutrition. Plant oils lack long-chain polyunsaturated fatty acids (LC-PUFA), 

including the omega-3 (n-3) fatty acids, eicosapentaenoic acid (EPA, 20:5n-3), and 

docosahexaenoic acid (DHA, 22:6n-3), which are vital for most fish species and provide a 

number of well recognized health advantages to consumers of cultured seafoods.  

 In order to reduce the nutritional limitations that impede complete replacement of FM 

and FO in aquafeeds, novel ingredients must be identified and applied. A number of 
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unconventional proteins and oils from microalgae have been established for use in aquafeeds, but 

specific species have not been fully evaluated. These involve defatted, high-protein byproducts 

from nutraceuticals and biofuels which may be suitable replacements for FM, in addition to oils 

originated from certain kinds of microalgae which comprise high levels of n-3 LC-PUFA. 

Despite the promising nutrient composition in BSFL meals and algal products, one sole 

ingredient is unlikely to totally meet the requirements of cultured fish. Therefore, the purpose of 

the current study was to utilize a mixture of alternative ingredients, together with 

supplementation of essential nutrients, so as to replace FM in tilapia feeds while sustaining fish 

growth performance and nutritional value for human consumers. Accordingly, a feeding 

experiment was conducted to assess the replacement of FM in diets for a freshwater species of 

interest to aquaculture, mixed tilapia (Oreochromis niloticus/O. aureus), using fermented BSFL 

(fBSFL) meal at increasing substitution levels. Effects of FM substitution with insect protein 

sources on fish growth, feed efficiency, body composition, and final fish fatty acid composition 

were assessed.  

The goal of the present study was to maximize the replacement of FM with a fBSFL meal 

in diets fed to juvenile mixed sp. tilapia for a period of 57 days. The study found that FM can be 

replaced with fBSFL up to 50% in diets for juvenile mixed tilapia without negatively affecting 

growth, nitrogen and lipid retention or survival. The results also showed that replacing FM with 

fBSFL at levels above 25% did however, negatively affect feed conversion ratio (FCR). 

Furthermore, data showed there was an increase in total omega-3 fatty acid retention in the final 

fish flesh as FM was replaced with fBSFL. Lastly, the feeding trial found that feeding a blend of 

fBSFL, soy protein concentrates and spirulina meals formulated for juvenile mixed tilapia was 

possible without negatively affecting growth, feed conversion and survival.  

Data collected from this work provides evidence on the ability of juvenile mixed tilapia 

to utilize fBSFL meals in their diets, though future studies should assess the specific nutritional 

requirements of mixed tilapia, the digestibility of fermented insect meals, and the potential 

effects of modified fatty acid contents on lipid absorption and final product quality. Further 

studies should also evaluate the refinement and digestibility of fBSFL proteins used in this study 

to optimize feeds for juvenile mixed tilapia.   
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CHAPTER 1. INTRODUCTION 
 

Global human population growth and demand for seafood products have grown concurrently 

over the past decades and as the demand continues to rise, capture fisheries have remained 

relatively constant at 90 million metric tons (MMT) per annum. Seafood consumption worldwide 

has almost doubled since the 1960s, in 2020 the total consumption per capita rose from 10.0 kg 

to 20.2 kg annually, and 157 MMT of seafood was consumed worldwide (FAO 2022b; FAO 

2022a). In order to take pressure off of wild fish stocks, alternate sources of seafood must be 

produced. 

In 2019, more than 64% of the world’s marine fishery stocks were fully exploited and 

biologically unsustainable fishery stocks have been steadily increasing from 10% in 1974 to 35% 

in 2019 (FAO 2022b). Conversely, worldwide aquaculture grew by 2.7 % in 2020 compared to 

2019, contributing to 49% (87.5 MMT) of seafood production used explicitly for human 

consumption and these figures are expected to expand to 71% (106 MMT) by 2030 (FAO 

2022b). Therefore, the gap between the wild-captured seafood supply and demand for seafood 

must be filled by aquaculture. 

The Food and Agricultural Organization (FAO) (2022b) estimates that an additional 23 

MMT of aquatic food will be required by the year 2030 to keep up with current consumption 

rates and in the next 7 years, aquatic food production should increase by 15% (OECD & FAO, 

2021). To support the growing global demand for seafood and aquaculture production, the 

aquaculture feed industry must also sustainably develop. 

 

1.1. Aquafeeds 

1.1.1. Commercial Aquafeeds 

 A significant portion of wild fisheries production is processed into fish meal (FM) and 

fish oil (FO). Around 70% of FM and FO are produced from the harvest of marine forage fish 

like anchovies, herring, menhaden, Pacific whiting, sardines, and mackerel (NOAA 2022). These 

fish have short life cycles and are biologically adapted for rapid reproduction and stock 

replenishment. The largest U.S. FM and FO production comes from menhaden caught on the east 

coast and in the Gulf of Mexico and the second largest part of U.S. production comes from 
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processed fish trimmings from Alaska’s capture fisheries industry. The U.S. is a small producer 

of FM and FO, though it supplies various industries because fish-based products are of high 

nutritional value and natural ingredients. A growing percentage of raw ingredients like FM have 

been used to manufacture aquafeeds and this is likely due to the international growth of 

aquaculture in the last three decades. 

 As aquaculture continues to grow, global and local manufacture of commercial aquafeeds 

will have to grow to keep up with aquatic species production (FAO 2022b). In 2022, annual 

global aquafeed production increased by 3.7% compared to the previous year. This trend was 

likely stimulated by the growth of inland, freshwater recirculating aquaculture systems (RAS) 

linked with the increasing consumer demand for fish. In 2022 aquafeed production was estimated 

at 52.9 MMT globally, much of which was produced from marine origin (i.e., marine forage fish) 

(Alltech 2023). According to estimates by the Marine Ingredients Organization (IFFO 2021), in 

2020 about 86% of FM and 73% of FO was used explicitly for aquaculture, 16% for human 

consumption, and 11% for other uses like pharmaceuticals and cosmetics. 

 While the growth of aquaculture certainly benefits industry, governments, and 

consumers, it has sparked worries concerning the sustainability of fish farming, primarily in 

terms of the accessibility of raw materials used in commercial aquafeeds (Naylor & Burke 2005). 

Aquaculture currently uses more FM and FO than any other animal food production sector 

(Tacon et al. 2006; Tacon & Metian 2008). Globally, on average, aquaculture uses about half a 

metric ton of FM from wild fish to make one metric ton of farmed seafood, though some groups 

of species do consume more weight of FM and/or FO than they produce in their final form. Feed 

conversion ratios (FCR) are universally calculated as a gauge of an animal’s food conversion 

efficiency, described as the amount of dry feed intake needed to produce an equivalent gain in 

wet body weight (NRC 2011). Feed conversion ratios vary among species, however, farmed fish 

are much more efficient at converting feed than other cultured livestock such as cows and pigs. 

In aquaculture, the FCR in fish is usually lower than 2.0, though developments in feed 

formulations have cut this ratio to 0.8-1.2 for species like Nile tilapia (Oreochromis niloticus) 

(Montoya-Camacho et al. 2019; NRC 2011).  
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1.1.2. Fish Meal in Commercial Aquafeeds 

 High-quality FM contains between 60-70% protein and is considered to be the most 

complete protein source for most farmed fish. The rationale behind FM as a ‘complete’ protein 

source is that when applied in feed formulations, they closely estimate general amino acid 

composition, and thus when fed to fish should maximize nutrient utilization and growth 

(Trushenski et al. 2006). For most farmed species of fish, FM is highly appealing, palatable, and 

digestible. Fish meal also contains essential nutrients, including lipids (fatty acids), vitamins, 

minerals, and trace elements (Gatlin et al. 2007; NRC 2011). 

As capture fisheries become more depleted via overfishing, the steady demand for FM 

and FO by aquaculture contributes to increasing pressure on the capture fisheries with the 

subsequent increase in cost for these commodities. The utilization of FM for aquaculture has 

doubled since the 2000s and in January 2023 the cost of FM was $1780 per metric ton (MT) 

which has quadrupled from $444/MT in January 2000 (FAO 2022b; World Bank 2023). The 

global use of FM for aquafeeds has remained steady since 2000 at around 2.5 MMT, though the 

total production of aquafeeds increased from 17 MMT to 46 MMT in 2020 (IFFO 2022). Today, 

aquaculture still dominates over usage compared to any other industry (e.g., pet food, chicken 

feed, etc.). This trend may be attributed to declining availability in feed materials from wild 

caught fish as a result of more controls on unregulated fishing and/or increased use of less-

expensive protein sources (FAO 2014; FAO 2022b). The increased interest in use of alternative 

sources of protein for aquafeeds has provided innovative opportunities for the industry to 

discover and produce novel protein sources to be used as replacements for FM. 

 

1.2. Alternative Aquafeed Ingredients 
Future growth of finfish and shrimp aquaculture will need protein and oil sources greater 

than current FM and FO production can fulfill. Utilizing alternatives as a means to reduce 

dependency on wild fish stocks is essential. Furthermore, there are negative public opinions 

linked with feeding possibly food-grade wild stocks of fish to farmed fish, with aquaculture still 

viewed as a net consumer rather than a producer of fish (Tacon et al. 2006). Regardless of the 

dependence of aquaculture on commercial feeds, it is important to state that when these feeds are 

used, aquaculture is a net producer of fish, and produces three pounds of fish for every pound of 

FM and FO consumed (IFFO 2022). This ratio of 0.3:1, termed the “fish-in fish-out” ratio is a 
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calculation that is used to determine the number of units of FM and FO to produce one unit of 

farmed fish (IFFO 2022). 

Because of the limited quantity of FM available and the rising price of this product, a 

large number of studies have recently been carried out, both by research institutes and the 

aquaculture feed industry itself, to reduce reliance on FM (Olsen & Hasan 2012). There are many 

potential materials that could be developed as replacements for FM and FO for aquafeeds, 

ranging from plants, fish waste, and yeast to insects. These replacements have been successfully 

used to grow fish while still maintaining the human health advantages of consuming seafood. In 

partnership with the United States Department of Agriculture (USDA), the National Oceanic and 

Atmospheric Association (NOAA) launched the NOAA-USDA Alternative Feeds Initiative in 

2007 to accelerate the development of alternative feeds for aquaculture. The purpose of the 

Alternative Feeds Initiative was to find alternative feed ingredients, to examine how farmed fish 

utilize alternative feeds, and develop strategies to improve fish feed use efficiency in the 

aquaculture industry.  

Many varieties of alternative proteins and oils rendered from plant, animal, and insect 

sources have been examined for FM and FO replacements in aquafeeds, though with inconsistent 

levels of success. For alternative sources of proteins to be commercially viable, these ingredients 

must be considered as nutritionally suitable, palatable, generate acceptable growth rates, be 

easily acquired in industrial volumes, be reasonably priced, and limit the negative effects on the 

environment, like nutrient loading from waste products (Gatlin et al. 2007). Initiatives for the 

commercialization of alternative proteins and oils for some fish species could reduce dependence 

on marine fish resources by feed producers and seafood farmers globally. 

 

1.2.1. Terrestrial Animal Proteins 

A major source of FM protein substitution is the myriad of products extracted from 

terrestrial animals, such as meat, bone/feather/blood meal, and poultry by-product meal (Forster 

et al. 2002). Many of these commodities are readily accessible, economical sources of protein 

and compared with vegetable proteins, animal byproduct meals have a more adequate amino acid 

profile; some containing high levels of available phosphorous (Tacon et al. 2006). However, 

some of these alternative protein sources can be deficient in one or more of the essential amino 

acids (EAA) for fish, especially lysine, isoleucine, and methionine (Tacon & Jackson 1985). 
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Still, most of these byproducts have suitable protein and lipid percentages to include in 

aquafeeds: poultry byproduct meals (PBM; 55-62% crude protein, 13-20% crude lipid), feather 

meals (83% crude protein, 5.4% crude lipid), blood meals (87-89% crude protein, 1.4- 1.6% 

crude lipid) and meat and bone meals (MBM; 50-59% crude protein, 9-11% crude lipid) (Naylor 

et al. 2009; NRC 2011). Furthermore, the digestibility of these products has increased 

substantially over the years because of improved processing techniques, and they are a 

drastically less expensive protein than FM. On August 5, 2023, the USDA reported that the 

average cost of ruminant MBM in the U.S. was $410/MT and feather meal cost $660/MT 

compared to $1960/MT for FM (USDA 2023). Feeding studies have shown that Nile Tilapia 

(Oreochromis niloticus) performs well with 100% FM replacement with PBM and MBM diets 

(El-Sayed, 1998). Poolsawat et al. (2021) found that enzymatic feather meal replacing FM up to 

100% in diets for hybrid tilapia (Oreochromis niloticus/O. aureus) had no negative effect on 

growth. A study conducted in 2013 found that a 100% blood meal replacement for FM in diets 

for Nile tilapia in fact positively affected growth and feed conversion (Aladetohun & Sogbesan 

2013). 

Though many land animal derived byproducts (ADB) are economically priced and 

readily available, due to inconsistency of ingredients and processing methods, there is 

considerable variability in quality (Bureau et al. 2000; NRC 2011). Furthermore, the link 

between feeding MBM and the bovine spongiform encephalopathy (BSE) outbreak in Europe 

during the 1980s resulted in a ban of its use for animal feeds in the European Union (Brown et al. 

2001). This led to a radical overhaul of the rendering industry, including the use of only low-risk 

ADB and the development of rendering processes that reduce the risk of prions that cause BSE to 

enter the food chain. There are a few alleged public food safety concerns concerning inclusion of 

rendered terrestrial ADB in aquafeeds like the potential transmission of zoonotic diseases, 

parasites, and bacteria that limits their use and deters greater inclusion in formulated animal 

feeds (Bureau 2006). 

 

1.2.2. Plant Proteins 

Proteins derived from plants (specifically grains and legumes) are widely used in 

aquafeeds, predominantly for omnivorous or herbivorous fish species that do not require much 

FM in their diets. Plant proteins are considered appropriate replacements for FM and FO, 
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especially in areas where the inclusion of land animal proteins in feed is banned (Fournier et al. 

2004; Bureau 2006; NRC 2011; FAO 2012). The greatest benefit of plant-derived proteins are 

their significantly lower costs than marine feedstuffs. For instance, soybean meal is $514 per 

MT, four times less than FM (USDA 2023). Moreover, plant proteins are considered to be 

renewable resources and more consistent in availability than animal-derived ingredients (Hardy 

2010). Still, there are well-known nutritional challenges related to the use of plant ingredients in 

diets for fish which can limit their use at higher inclusion levels. Partial replacement of FM with 

plant proteins has been possible for many fish species, but complete replacement of fish proteins 

with plant products is typically less effective.  

 Plant proteins are sometimes deficient in EAA (usually methionine and lysine), are less 

digestible, less palatable, and regularly contain antinutritional factors (ANF; naturally occurring 

toxins or antimetabolites) which can affect animal health and nutrient utilization (Hardy 2010; 

Nagel et al. 2012). These ANF include: protease inhibitors, saponins, lectins, tannins, antigenic 

compounds, glycosylates, and phytates (Francis et al. 2001). Fish performance can be reduced in 

the presence of these compounds by subduing fish growth and/or feed intake and negatively 

affect gut health, even causing intestinal inflammation in certain fish species (Gatlin et al. 2007).  

 Soy protein concentrates (SPC) can contain crude proteins up to 90% and are considered 

an effective replacement for FM, due to its wide availability and cost-effectiveness (Refstie 

2007; FAO 2022b). However, SPC are deficient in methionine and contains ANF which can 

interfere with nutrient uptake and protein digestion (Francis et al. 2001; Gatlin et al. 2007). 

Studies conducted to fully replace FM with SPC found that full replacement had generally 

negative effects on growth. However, a study conducted by Hansen et al. (2007) replacing 50% 

of FM with SPC, soybean meal, and wheat gluten meal in feeds formulated for Atlantic cod 

(Gadus morhua) found that there were no negative effects on growth. Another study conducted 

in 2013 also found that red drum (Sciaenops ocellatus) fed a 50% FM replacement diet with SPC 

and barley concentrate had no negative effect on growth performance and whole-body nutrient 

composition (Rossi et al. 2013). 

 

1.2.3. Microalgae-derived Proteins and Oils 

There is considerable variability in the nutritional composition among microalgae 

species; crude protein levels of Chorella sp. can range from 50-70% and Spirulina maxima can 
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contain relatively high protein levels ranging between 60-71% dry matter (DM) (Spolare et al. 

2005). Recent studies have identified and tested proteins and oils derived from specific 

microalgae species for use in aquafeeds. Growth performance parameters like SGR, average 

weight gain, and FCR increased 30% with an inclusion of spirulina (Arthrospira platensis) in 

juvenile Nile tilapia diets (Velasquez et al., 2016). In the same study, carcass composition and 

liver indices (hepatosomatic and viscerosomatic indices) were improved at the same replacement 

level. A previous fish feed study found that up to 40% of Spirulina maxima meal can be used as 

the main protein source in diets for Mozambique tilapia (Oreochromis mossambicus) without 

significantly effecting fish growth performance (Olvera-Novoa et al. 1998). Microalgae meals 

produced from biorefineries have also been tested as partial protein replacements for FM in diets 

for Atlantic salmon (Salmo salar) and common carp (Cyprinus carpio), with substitution levels 

up to 10% and 40%, respectively, showing no significant negative effects on growth and feed 

conversion (Kiron et al. 2012). Green-algae (Desmochloris sp.) and diatom (Nanofrustulum sp.) 

were successfully tested in feeds for Nile tilapia at levels of 58% and 40% of the total diet 

weight, respectfully (García-Ortega et al, 2015). 

Commercially, the microalgae Chlorella vulgaris has been the most commonly used 

microalgae in aquaculture (Ahmad et al. 2018). Chlorella vulgaris contains a beneficial 

phytonutrient called Chlorella growth factor (CGF), known to promote growth in fish species 

(Bai et al. 2001). Some studies have found that even small amounts of the algae in fish diets can 

result in positive effects on growth, fish fillet quality, physical activity, disease resistance and gut 

microbiota (Norambuena et al. 2015; Valente et al. 2006; Dallaire et al. 2007). Chlorella 

vulgaris, is also known to have antibacterial effects on the microbiome of aquatic species 

(Dineshkumar et al. 2017). Ibrahim et al. (2015) reported that C. vulgaris contained antibacterial 

compounds able to defend against Gram-positive and Gram-negative bacterial contagions borne 

from water. Furthermore, microalgae species like C. vulgaris release metabolites that can inhibit 

the growth of pathogens in the gastrointestinal tracts of fish (Ghanbari et al. 2015; Lyons et al. 

2017). 

 Extracted oils from microalgae may be a promising alternative to FO without the 

nutritional restrictions found in vegetable or other unconventional oils. The long chain 

polyunsaturated fatty acids (LC-PUFA) found in marine FOs are in fact synthesized by certain 

kinds of microalgae, which are consumed by lower-trophic level species then become 
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biomagnified in higher trophic species like fish. Unicellular marine algae are the only 

photosynthetic organisms that produce these LC-PUFAs (Guillaume et al. 2001). Microalgae 

already play an important role in fish culture and their present use in aquaculture is primarily 

used for larval fish feeds and nutritional supplements because market production of most algal 

products are not yet able to be scaled commercially or economically feasible for use in large-

volume feed production (NRC 2011). 

In fish, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are essential for 

growth and survival (Kitajima 1983). Schizochytrium sp. is one of the more common microalgae 

used as a source of polyunsaturated fatty acids (PUFA) for the cultivation of fish. Schizochytrium 

sp. is known to contain high lipid contents (55–75% in DM), up to 49% DHA, and able to be 

cultivated for large-scale production (Ren et al. 2010). Its exploitability as an alternative lipid 

source has been examined in aquaculture to enrich zooplankton for feeding finfish larvae 

(Barclay & Zeller 1996), to replace fish oils in diets for Atlantic salmon (Carter et al. 2003; 

Miller et al. 2007; Kousoulaki et al. 2015; Sprague et al. 2016) and sea bream (Sparus aurata) 

(Ganuza et al. 2008). A study conducted by Sarker et al. (2016) found that whole cell 

Schizochytrium sp. significantly improved weight gain, FCR, and protein efficiency ratio when 

fish oil was fully replaced by Schizochytrium sp. in diets formulated for juvenile Nile tilapia. 

Furthermore, tilapia fed with Schizochytrium sp. with full replacement of FO had higher contents 

of DHA in the fish fillets and reflected higher DHA supplied only by the diet (Sarker et al. 2016). 

 

1.2.4. Insect Proteins 

Use of insects in aquatic feeds have become a topic of great interest and the products 

obtained by insect processing, are considered one of the most promising alternative ingredients 

for aquafeeds (Tran et al. 2022; Hua 2021). The International Platform of Insects for Food and 

Feeds (IPIFF) forecasts that by 2030, 40% of global insect meal (IM) production will be used for 

aquafeeds (IPIFF 2021). The experimental use of IM as a sustainable substitute for conventional 

protein sources like FM, has grown exponentially in the last few years. Not only are insects easy 

to rear, but they also have a small environmental footprint and a relatively high crude protein 

content between 41.9-62.6% DM (Spranghers et al. 2017, Oonincx et al. 2015). In addition, 

insects like black soldier fly (Hermetia illucens) larvae (BSFL) can be reared on a variety of 

substrates like most organic, domestic, and agricultural wastes with the resulting IM producing 
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crude protein percentages between 40-45% DM (Veldkamp et al. 2022; Makkar et al. 2014). 

Studies conducted by Barragan-Fonseca et al. (2019) showed that substrate protein and 

carbohydrate content have significant effect on the BSFL whole-body. According to Nguyen et 

al. (2013) larvae fed on liver and meat had a very high protein content: 60.3% (603g/kg) DM. A 

number of studies have been recently conducted that found BSFL meals to be a sufficient 

replacement for FM in diets for important cultured fish species (Appendix B). 

Recent fish feeding trials conducted for marine carnivorous fish have shown BSFL meal 

and oil can partially replace diets with FM as the main protein source without hindering growth 

and feed conversion. A study conducted by Hender et al. (2021) found that BSFL meal and oil 

could substitute 40% FM (22% total diet) and 100% FO (1.1% total diet) successfully without 

compromising the growth of juvenile barramundi (Lates calcarifer). Li et al. (2022) found that 

replacing 28% of FM (14% total diet) with defatted BSFL meal increased weight gain, SGR, and 

survival rate of tongue sole (C. semilaevis) while decreasing FCR compared to the 100% FM 

(50% total diet) control diet.  

Studies conducted to evaluate the effects on growth of freshwater species when replacing 

FM with BSFL meals have been recently conducted as well. Xiao et al. (2018) found BSFL meal 

has the potential to partially replace FM in the diets of flathead catfish (Pylodictis olivaris). 

Current fish feed studies to determine inclusion levels of IM as a replacement for FM in tilapia 

diets have also been shown to be practical. Amer et al. (2021) found that crude protein from 

Egyptian cotton leafworm (Spodoptera littoralis) meal in diets for Nile tilapia could replace 60% 

(10% total diet) of FM without negatively affecting growth and feed conversion. A feed study 

conducted by Tippayadara et al. (2021) found no significant difference in growth between Nile 

tilapia fed an inclusion of 100% BSFL meal (10% total diet) as a replacement for diets with 

100% FM as the main protein source.  

Like most terrestrial insects, BSFL are unable to produce adequate PUFAs, like omega-3 

(n-3) fatty acids (FA) which are beneficial to the health of animals, including humans. Fatty acid 

enrichment is possible by feeding BSFL substrates high in n-3 FA, but most of these are bio-

converted by larvae into lauric acid. St. Hilaire et al. (2007) found that the increase in n-3 FA 

after supplementing substrates with fish offal was relatively low (0-30 g n-3 FA/kg BSFL) 

compared to the total increase in fat tissue initiated by higher lauric acid levels. However, 
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Oonincx et al. (2020) found that n-3 FA contents (specifically linolenic acid) in BSFL, can be 

increased by delivering the FA enrichment closer to the larval harvest stage. 

In order to appropriately include a protein rendered from IM into aquafeeds and avoid 

nutritional imbalances, it is important to have applicable data on nutritional/antinutritional 

profiles and digestibility standards. A recent fish feeding study found that utilizing insect-derived 

products can favorably impact fish health due to bioactive compounds with antimicrobial, 

antioxidant, and immunostimulant properties (Peng et al. 2022). Insects are not only an effective 

nutrient source but also a capable alternative for regulating disease in the fish culture 

environment. Furthermore, researchers investigating consumer opinions toward products 

obtained from IM in fish diets found that consumers are willing to accept these products and are 

occasionally even willing to pay a premium when they learn about the low impact on carbon 

footprint and sustainability of the cultured product (Mancuso et al. 2016; Arru et al. 2022; 

Rumbos et al. 2021). 

 

1.2.3. Fermented Protein Meals 

The fermentation process is well accepted for the role of improving the nutritional value 

of animal by-products (Mondal et al. 2011; Kaviraj et al. 2013). Studies have shown that 

fermentation increased the content of crude protein and decreased the content of crude fat and 

fiber, antinutritional factors, and toxic contents in feed ingredients (Drew et al. 2007; Imorou 

Toko et al. 2008; Jakobsen et al. 2015). Fermentation can also breakdown carbohydrates into 

compounds of lower molecular weight that can potentially increase innate energy and absorption 

of trace minerals (Ilham & Fotedar 2017). 

Kōji (Aspergillus oryzae) fermentation is a well-known two-stage, biochemical process 

that involves the use of the fungus Aspergillus orzaye as a catalyst for microbial bioprocessing. 

Kōji fermentation of raw crops like soya and rice can produce products like soy sauce, miso, and 

sake. Recently the fermenting of products like soya and rapeseed meal for use in aquafeeds to 

replace FM have been analyzed. A study conducted by Dossou et al. (2018) found that kōji 

fermented rapeseed meal could replace FM up to 33% crude protein in diets for red sea bream 

(Pagrus major) without negatively affecting growth or intestinal morphology. A similar study 

found that kōji fermented date palm (Phoenix dactylifera) seed meal could replace FM in diets 
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for Nile tilapia up to 67% (20% total diet) with improved growth performance and digestive 

enzyme activity (Dawood et al. 2020). 

Aquaculture nutritionists have and continue to focus on novel approaches like 

fermentation and nutritional enrichment bioprocessing of alternative feed ingredients to reduce 

FM in diets for cultured fish and shrimp (Adel et al. 2016, 2017a; Bertsch & Coello 2005; Yan et 

al. 2017b, Dawood et al. 2015, 2020; Shao et al. 2019; Nguyen et al. 2018). Several studies have 

reported that fermentation for animal feed is an environmentally friendly, cost-effective method 

that improves the amino acid profile and digestibility of animal by-products, thus enhancing 

suitability for inclusion in aquafeeds (Sammadar et al. 2011; Mondal et al. 2007; Siddik et al. 

2018). Nile tilapia fed 25% (5% total diet) solid state, Saccharomyces cerevisiae fermented 

sunflower meal replacement for FM had no differences in final body weight, protein efficiency, 

SGR, and digestibility coefficients compared to the control (Hassaan et al. 2015). In another 

study conducted by Eid et al. (2015), researchers found that growth performance of Nile tilapia 

improved when fed a FM and fermented soybean inclusion diet between levels of 38-51% of the 

total diet. A recent feeding trial conducted in 2022, tested three differently processed black 

soldier fly (BSF) meals to replace up to 20% FM (10% total weight) for Atlantic salmon diets. 

Inclusion of protein meals and bioprocessing, via fermentation of BSF showed no adverse 

impacts on growth performance or gut histology, however, the gut microbiome of fish was 

significantly improved by both the source of protein and the processing method of the BSFL 

(Leeper et al. 2022).  

In their role as probiotics, beneficial microorganisms in fermented products can 

cooperatively assist the gastrointestinal tract in fish to increase the digestibility of feed in aquatic 

animals (Dawood et al. 2015; Niba et al. 2009; Xie et al. 2016). Subsequently, cultured aquatic 

animals can display increased feed efficiency, growth, immunity, and tolerance to numerous 

biotic and abiotic stressors (Jannathulla et al. 2019; Moniruzzaman et al. 2018). A particular 

study conducted by Leeper et al. (2022) found a potential prebiotic influence of the fermented 

BSF meal for Atlantic salmon. Though there are numerous studies on the fermentation of plant 

proteins for aquafeeds, few studies are available highlighting the fermentation of IM and insects 

themselves and the effects on growth of cultured fish species (Lim & Lee 2011; Soltan et al. 

2015; Hassan et al. 2017, 2018). However, an initial study found that fermenting IM can improve 

taste, aroma, shelf life, and digestibility (Van Campenhout 2021). 
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1.3. Experimental Species of Interest 

1.3.1. Nile Tilapia 

 A mixed Nile x blue tilapia species (Oreochromis niloticus/O. aureus) was selected as the 

experimental animal because of its ease of culture, amenable food habits, and market potential. 

Tilapia belongs to the Cichlidae family, encompassing more than 1700 freshwater species, 

though some estimate 1900 (Kullander 2003). The Nile tilapia (O. niloticus) (Table 1.1) is native 

to parts of Africa and the Levant, particularly Israel and Lebanon, as well as much of the Nile 

system. Nile tilapia can be found in most types of freshwater and brackish habitats like estuaries, 

rivers, lakes, and ponds ranging from sea level to altitudes of 1830 m (Diallo et al. 2020). In the 

wild, Nile tilapia are greyish or brownish in color, though males become reddish when breeding, 

especially on their fins. Both Nile tilapia sexes have indistinct banding across the lateral body 

and vertical striped bands on the tail.  

 
 Figure 1.1. Juvenile Nile tilapia, O. niloticus. From W.H. Flower (1898). 

Table 1.1. Taxonomic classification of Nile tilapia (Oreochromis niloticus). 
Common Name Nile tilapia    
Other Names Nilotica, mango fish, boulti   
Kingdom Animalia    
Phylum Chordata    
Class Actinopterygii   
Order Cichliformes   
Family Cichlidae    
Genus Oreochromis   
Species Oreochromis niloticus     



 13 

Fully mature Nile tilapia can reach up to 60 cm (24 in) in length and surpass 5 kg (11 lb.) 

in weight (Nico et al. 2019). A typical characteristic of tilapia is that males are larger in size and 

grow faster than females. The Nile tilapia is mostly an herbivore, but with omnivorous 

tendencies, especially when young. Other recorded food items are detritus and aquatic insect 

larvae, including those of mosquitoes. In the wild, Nile tilapia can survive a wide range of 

temperatures and with strong seasonal thermal variations, ranging from warm (28-34°C) to 

“cold” (22-26°C) seasons or in extreme environments such as high elevation lakes with 

continuous “cold” temperatures (17-24°C) or hydrothermal hot springs (above 40°C) (Bezault et 

al. 2007; Trewaves 1983). Temperatures in a controlled environment supporting optimal growth 

of Nile tilapia is approximately 27-30°C (Azaza et al. 2008) 

As is typical of most Cichliformes, Nile tilapia reproduce via mass spawning of a brood 

within a nest made by the male while the female picks up the eggs and incubates them in her 

mouth. This is in contrast to some other tilapia species which may be biparental mouthbrooders 

or purely substrate spawners. Tilapia can mature and be able to reproduce within a few months 

after birth, depending on environmental conditions. The rapid rate to reproductive age of tilapia 

has negative impacts on growth rate as a result of a reduction in growth in favor of sexual 

maturation (Peña-Mendoza et al. 2005). Female Nile tilapia exhibit shortened intervals of 

interspawning though parental investment of females extends the interspawning periods. Visual 

interaction between Nile tilapia mates both incites and modulates reproductive behavior between 

partners like courtship, spawning rate, and nest building (Castro et al. 2009). 

Tilapia was a well-known food fish in Ancient Egypt and regularly featured in Egyptian 

art, this includes a 4000-year-old tomb drawing showing tilapia in man-made ponds; possibly an 

early form of aquaculture (Nico et al. 2019; Soliman & Yacout 2016). In modern aquaculture, 

Nile tilapia mature to harvest size quickly and produce desirable fillets. Hybrid tilapia is also 

used in aquaculture, specifically Nile x blue tilapia (Oreochromis niloticus x O. aureus) hybrids. 

Mixed species are usually dark, but a light-colored mixed variety known as “Rocky Mountain 

White” tilapia is sometimes grown for the light flesh color and tolerance of low temperatures. 

Tilapias are amongst the most profitable and easiest fish to farm due to their omnivorous diet, 

method of reproduction, tolerance of high stocking density, and fast growth. Unlike salmon, 

which depend on high-protein feeds based on fish or meat, commercially important tilapia 

species can eat vegetable or insect proteins. Female tilapia, being prolific breeders in ponds or 
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tanks, can result in large populations of immature fish, for this reason commercially grown 

tilapia is almost exclusively male. Whole tilapia can be processed into skinless, boneless fillets 

and yield from 30% to 37% flesh, depending on final trim and fillet size (Xiao 2018). In 2020, 

China, Indonesia, Egypt, Brazil, and Thailand were the leading producers of tilapia worldwide. 

(FAO 2022b) (Fig. 1.2). 

 
 
 

1.4. Experimental Rationale and Objectives 
Nile tilapia (Oreochromis niloticus) is known to be adaptable to most freshwater 

environments, able to be cultured intensively, have fast growth rates, and are considered an 

important species in aquaculture (El-Sayed 2006; Prabu et al. 2019; Abd El-Hack et al. 2022, 

Hulata et al. 1986, Miao & Wang 2020). To sustain a global aquaculture industry, it will be 

essential to develop alternative and cost-effective aquafeeds that are not reliant on FM and FO. 

Through developing IM and other alternatives to FM, the fish farming industry may be able to 

sustain long into the future while taking pressure off of wild fish stocks traditionally used for FM 

and FO. 

Within the consideration of nutritional value, economic feasibility, and product 

availability, research to elucidate the efficacy of using blends of fermented IM, plant proteins 

(e.g., SPC) and microalgae (e.g., spirulina) derived ingredients for aquafeeds may validate 

Figure 1.2. The largest producer countries of tilapia worldwide in 2020. (FAO 2022b) 
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solutions to replace FM and FO. Studies have shown that protein meals from insects can replace 

FM in diets for specific species of fish like tilapia and most of those studies had positive results 

with IM replacing FM concentrations between 3.0-20.4% of the total dry weight of feed (Limbu 

et al. 2022; Agbohessou et al. 2021; Devic et al. 2018; Tippayadara et al. 2021). However, 

utilizing a blend of non-traditional ingredients to spare FM in aquafeeds for juvenile mixed 

tilapia have not yet been conducted. Therefore, for this thesis project, a feeding trial was 

conducted to assess the replacement of FM with a blend of SPC, spirulina, and a fermented 

BSFL (fBSFL) meal at cumulative substitution levels in diets for juvenile mixed tilapia. Specific 

research objectives were: 

1. To decrease FM use by inclusion of fBSFL meal in diets formulated for juvenile mixed sp. 

tilapia. 

2. To evaluate the effects of FM replacement with fBSFL meal on fish growth rates and feed 

utilization. 

3. To evaluate the effects of FM replacement with fBSFL on fish whole body composition 

and final whole body tissue fatty acid composition.  

Based on the limited success of previous studies that completely substitute FM with 

BSFL meals in diets for Nile tilapia, it was expected that dietary treatments with fBSFL 

inclusion would have a meaningful effect on all measured effects: fish growth, feed efficiency, 

whole- body composition, and fillet fatty acid composition. In general, the hypothesis was that 

growth and feed efficiency would decrease as the level of FM replacement with fBSFL meal 

increased. Results obtained from this study may provide a baseline on the capacity of tilapia to 

utilize fermented insect proteins in their diets and will ideally lead to future work to refine the 

best-performing diets from this trial. The feed trail and general study is presented in the next 

chapter in a format for submission to a peer-reviewed scientific journal.  
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CHAPTER 2. FISH MEAL REPLACEMENT BY MICROBIALLY 
FERMENTED BLACK SOLDIER FLY (Hermetia illucens) 

LARVAE MEAL IN DIETS FOR JUVENILE MIXED SPECIES 
TILAPIA (Oreochromis niloticus/O. aureus) 

 

Abstract 
One of the primary objectives of sustainable aquaculture is to reduce the use of marine 

resources like fish meal (FM) and fish oil (FO) traditionally utilized in aquafeeds. A promising 

alternative protein source used for aquafeeds is the protein meal from the black soldier fly larvae 

(BSFL), though, presently, full replacement of protein from FM with insect meals has not been 

achieved. This study aimed to elucidate the potential of kōji (Aspergillus oryzae) fermented black 

soldier fly larvae (fBSFL) meal to replace FM at cumulative substitution levels in diets for 

juvenile mixed sp. tilapia (Oreochromis niloticus/O. aureus). A Control diet (FM-100) made with 

a commercially produced FM was used as a reference and three experimental diets were prepared 

to replace FM with fBSFL meal at levels of 10% (INS-LOW), 25% (INS-MED), and 50% (INS-

HIGH), respectively. All diets were formulated to contain 45% crude protein and 10% crude 

lipid. A fish feeding trial in a recirculating aquaculture system was performed. The diets were fed 

to triplicate groups of 10 fish (0.5 ± 0.0 g) twice a day for 57 days. Final fish weight, specific 

growth rate (SGR), and survival of mixed sp. tilapia fed the experimental diets showed no 

significant differences (P > 0.05) compared to the Control diet. There were significant 

correlations (P < 0.05) in total omega-3 (n-3) fatty acids (FA) between diets and fish whole body 

FA composition. The results of this study suggest that the replacement of up to 50% of FM with 

fBSFL in diets for juvenile mixed sp. tilapia does not significantly affect fish growth, SGR or 

survival rate. Further studies should evaluate the refinement and digestibility of fBSFL proteins 

used in this study to optimize feeds for juvenile mixed sp. tilapia.  
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2.1. Introduction  
Presently, the suitability of using a blend of insect meal (IM), soy protein concentrate 

(SPC), and microalgae in diets for mixed species tilapia (Oreochromis niloticus/O. aureus) is 

unknown. The focus of the current study was to maximize the combined replacement of fish 

meal (FM) and fish oil (FO) in diets for juvenile mixed sp. tilapia using a blend of SPC, spirulina 

(Arthrospira platensis), and increasing substitution levels of fermented black soldier fly larvae 

(fBSFL) meals. Effects of FM sparing on fish growth performance, whole body composition, and 

whole fish fatty acid (FA) profiles were evaluated after a 57-day feeding trial. 

In recent years, to meet the global demands for seafood, aquaculture has rapidly 

expanded, however the aquafeeds industry and aquaculture can no longer be sustained by wild 

capture fisheries alone. The growing global dependence on farmed seafood has caused a steep 

increase in the industry’s requirement for FM and FO used as the primary sources of protein and 

lipid in commercial aquafeeds (FAO 2022b). Traditionally FM and FO have been produced from 

reduction fisheries of lower trophic forage fish species (e.g., menhaden, sardine, Pacific whiting, 

anchovy) and were targeted for their exceptional nutritional value and commercial abundance 

(NOAA 2022). Though forage fisheries have extended beyond their maximum sustainable yields 

and FM and FO for the production of aquafeeds has been partially restricted, in 2020 over 4.0 

million metric tons (MMT) of FM was used to produce 52.9 MMT of aquafeed (Alltech 2023). 

Fish meal used for aquaculture has doubled since the 2000s and in January 2023, FM cost $1780 

per metric ton (MT) which quadrupled from $461/MT in January 2000 (FAO 2022; World Bank 

2023). The aquaculture industry’s dependance on depleted forage fisheries, coupled with the 

growing demand and costs for the resource, have made their prolonged use at high levels 

economically and environmentally unsustainable. In order to sustain the growing industry, while 

satisfying the global demand for seafood, research efforts must focus on developing alternative 

proteins and oils that can replace or completely remove FM and FO used in aquafeeds, while 

maintaining cost effective formulations, suitable fish growth, and the adequate nutritional value 

of seafood for human consumption (FAO 2022b).  

Recent interest in the use of alternative protein sources, like IM, for aquafeeds have 

initiated innovative opportunities for the industry to discover and cultivate novel protein sources 

to be used as replacements for FM. Protein is the costliest component in aquafeeds formulated 

for finfish, which relative to land-based livestock, tend to require higher need of dietary protein 
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(24-57% crude protein) (Tacon 1987). Fish meal is relatively high in crude protein (60-72% dry 

matter) and is considered to be the most complete protein source for most farmed fish because it 

is very digestible, palatable and has a general amino acid composition required for protein 

synthesis. In contrast, IM have slightly less crude protein percentages, 41.9-62.6% dry matter 

(DM) (Spranghers et al. 2017, Oonincx et al. 2015), though are known to improve the fish 

immune system due to bioactive compounds with antimicrobial, antioxidant, and 

immunostimulant properties (Peng et al. 2022). Recently, the species of black soldier fly 

(Hermetia illucens) larvae (BSFL) has begun to play an important role in aquaculture as an 

alternative protein source for aquafeeds due to the palatability, essential amino acid composition, 

nutritional value, and ability to convert food waste materials and manure into high quality 

proteins (Sheppard et al. 1994). The crude protein composition of BSFL can fluctuate between 

399-422 g/kg based on the organic materials consumed by the larvae (Spranghers et al. 2017). 

However, the nutritional value of BSFL can be inconsistent in quality based on the substrate that 

it is reared on, but by utilizing a nutritionally suitable substrate to grow the larvae, it intrinsically 

affects the final quality of the larvae. Whole body proximate composition of BSFL is related to 

the source of food materials ingested by the larvae and a higher quality substrate will yeild 

higher quality whole-body BSFL (Nguyen et al. 2015). Different types of organic wastes have 

been utilized as feedstock for BSFL culture including vegetable waste (Julita et al. 2019), fruit 

waste (Jucker et al., 2017), chicken manure (Bortolini et al., 2020), cow manure (Oonincx et al. 

2015), and pig manure (Newton et al., 2005). Initial studies have shown that BSFL fed on 

substrates of animal origin like liver and meat, had a very high protein content (Nguyen et al. 

2013). The whole-body composition of BSFL fed animal protein has been found to be comprised 

of 50%-60% crude protein and 30-35% crude lipid (Tomberlin et al. 2002; Liu et al. 2017). The 

maximum percentage of crude protein content (61%) was reported in five-day old BSFL with an 

observed gradual decrease in protein content at increasing ages (Rachmawati et al. 2010).  

Feeding trials for marine carnivorous fish have found that BSFL meal can partially 

replace diets with FM without hindering growth and feed conversion. Hender et al. (2021) found 

that BSFL meal could substitute 30% (22% total diet) of FM successfully without compromising 

the growth of juvenile barramundi (Lates calcarifer). Another feed trial found that replacing 25% 

(14.4% total diet) of FM with defatted BSFL meal in fact had improved effects on the weight 

gain, SGR, and survival rate of tongue sole (C. semilaevis) while decreasing FCR and feed intake 
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(Li et al. 2022). Studies conducted to evaluate the effects on growth of freshwater species when 

replacing FM with BSFL meals have discovered positive potential as well. Xiao et al. (2018) 

found BSFL meal protein can partially replace FM protein in diets for yellow catfish. Feed 

studies to determine inclusion levels of IM as a replacement for FM in tilapia diets have also 

been shown to be viable. Amer et al. (2021) found that IM from Spodoptera littoralis in diets for 

Nile tilapia (Oreochromis niloticus) could replace FM up to 60% (15% total diet) without 

negatively affecting growth and feed conversion. Tippayadara et al. (2021) found no significant 

difference (P < 0.05) in growth between Nile tilapia (O. niloticus) fed an inclusion of 100% (10% 

total diet) BSFL meal as a replacement for a diet with 100% FM as the main protein source.  

There are select materials readily available which can fully meet the nutritional 

requirements of cultured fish; thus, substitution of FM and/or FO with a single ingredient is 

unlikely. Diets formulated with a mix of alternative proteins and oils can more closely reflect the 

nutritional profiles of FM and FO while decreasing feed costs and improving formulation options 

for feed manufacturers (Gomes et al. 1995; Hardy 2000). Insect meals, soybean-derived proteins, 

and omega-3 (n-3) rich microalgae meals/oils could be some of the most capable and sustainable 

alternative feedstuffs for fish, though most replacement studies have focused on single ingredient 

replacements of FM or FO, rather than a combination of ingredients (Benedito-Palos et al. 2007; 

Trushenski & Kohler 2011). 

 

2.2. Methods and Materials 
 The feeding trial was conducted in the Aquaculture Research Facility at the Panaewa 

Agricultural Farm of the University of Hawaiʻi at Hilo. All activities related to the care and use 

of experimental animals followed the methodology approved by the Institutional Animal Care 

and Use Committee (IACUC) (Protocol No.12-1307-12). 

 

2.2.1. Source of Feed Ingredients 

 Primary feed ingredients (i.e., FM, FO, soy protein concentrate) and mineral and vitamin 

premixes were obtained from the USDA Agriculture Research Station (USDA–ARS) in 

Bozeman, Montana. Other feed ingredients (e.g., supplements and binders) were purchased from 

Sigma-Aldrich (St. Louis, MO). The BSFL meal was produced from a commercial product from 

ChapulⓇ Farms (McMinnville, OR) reared on a wet distiller’s grain and various agricultural 
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waste ingredients adjusted to meet the minimal protein requirements (35-40%) for fingerling 

tilapia (El-Sayed 2006). The processing techniques used by ChapulⓇ Farms to process the BSFL 

is however, proprietary. Three kilograms of the BSFL meal underwent a two-stage solid state 

fermenting process using the kōji technique with the fugus Aspergillus oryzae in the Department 

of Molecular Biosciences & Bioengineering at the University of Hawaiʻi at Mānoa. The first 

stage of the kōji fermentation process started with the production of kōji, where spores of the 

filamentous fungi Aspergillus oryzae were inoculated onto 0.5 kg of growth substrate (BSFL 

meal) and fermented at 30°C for approximately 48 hours. In the second stage, the kōji mold was 

added to an additional 1.5kg BSFL, then placed into 3.8L glass containers, and fermented at 

21°C in a sterile room for 2 months. After 2 months (February 20, 2023) the fermented BSFL 

(fBSFL) meal was dry autoclaved at 60°C for 12 hours to stop microbial growth, milled in an 

electric grinder, then sieved through a brass, fine test sieve with 1mm, 18 mesh grates (Sigma-

Aldrich, ATM18BS8F). The fBSFL meal formed 3kg of a fine powder that was immediately 

stored in 3-1kg vacuum sealed polypropylene bags (Dr. Winston Su Personal Communication, 

2023). The final fBSFL meal contained 51.1 g 100 g−1 crude protein and 5.8 g 100 g−1 crude fat 

(Appendix D). The marine microalgae meal, spirulina (Arthrospira platensis), was sourced from 

EarthriseⓇ (Irvine, CA). 

 

2.2.2. Diet Preparation and Analysis  

Four isonitrogenous and isolipidic diets were formulated with MIXIT-WIN 6.2.4, 

(Agriculture Software Consultants, Inc., San Diego, CA) to contain 45% crude protein and 10% 

crude lipid: a Control diet (FM-100) containing FM from Pacific whiting (providing 45% of the 

total protein) as the main protein source and three experimental diets which replaced FM with 

fBSFL at 10% (INS-LOW), 25% (INS-MED) and 50% (INS-HIGH). The fBSFL meal 

contributed 7% (INS-LOW), 16% (INS-MED), and 30% (INS-HIGH) of the total protein in the 

experimental diets, respectively. Total lipid content was provided by FO derived from Pacific 

whiting. Dietary protein and lipid concentrations were selected based on dietary levels specified 

by the FAO (Food and Agriculture Organization of the United Nations, 2023) suggested 

nutritional requirements for Nile tilapia fry. Supplemental L-lysine hydrochloride and DL-

methionine (product numbers L5626, M9500; lot numbers: #SLCJ4145, #MKCK2014, Sigma-

Aldrich, St. Louis, MO) were provided in the experimental diets to match the calculated levels in 
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the Control diet, respectively. Taurine (product number 86329, lot number: #BCBP3669V, 

Sigma-Aldrich, St. Louis, MO) was supplemented and balanced in all 4 diets to be 0.9% of the 

DM, in order to meet the minimum requirements for Nile tilapia as suggested by Michelato 

(2018). 

All experimental ingredients were dry stored in heavy duty, 2-gallon Ziplock® bags, 

placed in sealed plastic packing containers (ambient air temp. between 19-24°C) in the Feed Lab 

at the UH Hilo Agricultural Farm before diet preparations. Before and after use, fish oil was cold 

stored in the refrigerator (8.0°C) in one gallon plastic bottles and all ingredients were within the 

manufacturers recommended expiration dates. Dry feed ingredients for each diet (Table 2.1) 

were combined and dry mixed for 20 minutes using a 7-quart commercial mixer (KitchenAid 

KSM7586PSR, Benton Harbor, MI). About 1.5L of water was gradually added to the 

homogenized dry mix, then after about 10 minutes, the FO was added to the wet ingredients and 

mixed for an additional 10 minutes. Feeds were then wet extracted into spaghetti-like strands 

using a commercial-grade food grinder (4.5 mm grinding plate, KitchenAid KSMFGA, Benton 

Harbor, MI) then placed on wax paper lined drying racks to dry (60.0 ± 7.0°C) for 20 hours in a 

LEM countertop dehydrator (MightyBite 10-tray double door dehydrator, 1153, West Chester, 

OH) (Figure 2.1). Diets were ground and sieved, into 1.2mm fractions for feeding fish weighing 

~0.5-1.5g, 1.7mm fractions for fish ~1.6-4.0g, 2.0mm for fish ~4.1-7.0, and 2.4mm fractions for 

fish > 7.1g. All diets were stored and refrigerated (8.0°C) in air sealed ZiplockÒ bags until use. 

 

 
Figure 2.1. Dried experimental diets before being ground  

and sieved for feeding to juvenile mixed sp. tilapia.  
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Table 2.1. Feed formulation (g kg-1 dry weight), proximate composition (%) and calculated gross 
energy of the four experimental diets fed to juvenile mixed sp. tilapia for 57 days. 

Ingredient (g/kg)    Diet       
  FM-100 INS-LOW INS-MED INS-HIGH 
Fish Meal (Pacific whiting)a 263.0 237.0 197.0 132.0 
Spirulina (Arthrospira platensis)b 219.0 219.0 219.0 219.0 
Soy protein concentrate 103.0 103.0 103.0 103.0 
Fermented BSFL meald     0.0   41.0 101.0 190.0 
Fish oile   71.0   70.0   70.0   69.0 
Dextrin (from corn)f 285.0 268.0 244.0 216.0 
Alginatef   10.0   10.0   10.0   10.0 
Dicalcium phosphateg   10.0   10.0   10.0   10.0 
Vitamin premixh   20.0   20.0   20.0   20.0 
Mineral premixh   10.0   10.0   10.0   10.0 
L-Lysinef    0.0     2.0     5.0     8.0 
DL-Methioninef    0.0     1.0     3.0     5.0 
Taurinef    9.0     9.0     8.0     8.0 
     

Proximate Composition (%)i     

    Dry matter 95.9 ± 0.0 96.2 ± 0.1 96.4 ± 0.0 96.8 ± 0.0 
    Protein 46.7 ± 0.2 46.8 ± 0.2 46.4 ± 0.3 45.9 ± 0.1 
    Lipid   9.1 ± 0.1   9.6 ± 0.3 10.5 ± 0.1 10.8 ± 0.1 
    Ash   6.6 ± 0.0   6.9 ± 0.1   7.2 ± 0.0   7.7 ± 0.0 
    Calculated gross energy (kcal/kg)j   4549   4500   4432   4307 
a SeaProⓇ HP, Pacific Bioproducts, Newport, OR; Proximate Composition (% dry matter by mass): crude 
protein, 80%; crude fat, 6.6%. 
b Feed Grade spirulina (Arthrospira platensis) powder, EarthriseⓇ, DIC, Irvine, CA; Proximate Composition (% 
dry matter by mass): crude protein, 67%; crude fat, 6.6%, Lot number: 18577. 
c SoycomilⓇ, ADM, Quincy, IL; Proximate Composition (% dry matter by mass): crude protein, 61.0%; crude 
fat, 0.0%, Lot number: 210121PE1.  
d ChapulⓇ Farms, McMinnville, OR; Proximate Composition (% dry matter by mass): crude protein, 51.1%; 
crude fat, 5.8%. 
e Pacific Whiting Oil, Pacific Bioproducts, Newport, OR. 
f Sigma-Aldrich Co., St. Lois, MO. Product, lot numbers: D2131, #SLCN7489 (Dextrin), W201502, 
#SHBN2485 (Sodium alginate), L5626, #SLCJ4145(L-Lysine), M9500, #MKCK2014 (DL-Methionine), 86329, 
#BCBP3669V (Taurine) 
g Bulksupplements.com, Henderson, NV. Lot number: 2112312. Exp. 12/31/2024 
h USDA Agriculture Research Station, Bozeman, MT 
i As-fed basis. Values represent means of triplicate samples ± standard error, rounded to the nearest 0.1g. 
j Appendix C 
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Nutrient composition analysis of diets were conducted using ground subsamples taken 

from the Control and each experimental diet. Diets were analyzed in triplicate to determine 

moisture, crude protein, crude lipid, ash, amino acid, and FA composition by the University of 

Missouri-Colombia, Agricultural Experiment Station and Chemical Laboratories (UM-AESCL, 

Colombia, MO). The moisture, protein content (N x 6.25); combustion Analysis (AOAC Official 

Method 990.03, 2006), and ash (AOAC Official Method 942.05) were also assessed at the UM-

AESCL. Essential and nonessential amino acid composition of the experimental feeds (Table 

2.2) was determined in triplicate samples using the AOAC Official Method 982.30, 22nd edition 

(2023) by UM-AESCL. Moisture analysis of fish fillets was conducted using a U.S. Solid 

Moisture Analyzer (US Solid USS-HMA02, Cleveland, OH). 

Lipid content was determined gravimetrically following standard wet chemistries, high-

performance liquid chromatography, gas-liquid chromatography, and mass spectrometry as 

follows. Crude lipid samples were analyzed for FA composition (Table 2.3) according to the 

official method of the AOCS Am 5-04 protocol and crude lipid samples were extracted via the 

Soxhlet extraction process with diethyl ether in an Ankom XT15 (Macedon, NY) by the UM-

AESCL. 
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Table 2.2. Essential and nonessential amino acid composition (g 100 g-1 dry diet) and taurine 
content of the experimental diets fed to juvenile mixed sp. tilapia for 57 days.1 

  Diet       
  FM-100 INS-LOW INS-MED INS-HIGH 
Essential amino acids     
Arginine 3.0 ± 0.0 2.9 ± 0.0 2.8 ± 0.0 2.7 ± 0.0 
Histidine 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 
Isoleucine 2.5 ± 0.0 2.4 ± 0.0 2.3 ± 0.0 2.3 ± 0.0 
Leucine 3.9 ± 0.0 3.7 ± 0.0 3.7 ± 0.0 3.5 ± 0.0 
Lysine 3.2 ± 0.0 3.2 ± 0.0 3.3 ± 0.0 3.2 ± 0.0 
Methionine 1.2 ± 0.0 1.3 ± 0.0 1.4 ± 0.0 1.5 ± 0.0 
Phenylalanine 2.1 ± 0.0 2.0 ± 0.0 2.0 ± 0.0 2.0 ± 0.0 
Threonine 2.1 ± 0.0 2.0 ± 0.0 2.0 ± 0.0 1.9 ± 0.0 
Tryptophan 0.5 ± 0.0 0.5 ± 0.0 0.5 ± 0.0 0.5 ± 0.0 
Valine 2.7 ± 0.0 2.6 ± 0.0 2.6 ± 0.0 2.5 ± 0.0 

Nonessential amino acids     
Alanine 2.8 ± 0.0 2.8 ± 0.0 2.8 ± 0.0 2.6 ± 0.1 
Aspartic acid 4.7 ± 0.0 4.6 ± 0.0 4.5 ± 0.0 4.3 ± 0.1 
Cysteine 0.5 ± 0.0 0.5 ± 0.0 0.5 ± 0.0 0.5 ± 0.0 
Glutamic acid 7.0 ± 0.0 6.8 ± 0.0 6.5 ± 0.0 6.1 ± 0.0 
Glycine 2.1 ± 0.0 2.1 ± 0.0 2.1 ± 0.0 2.0 ± 0.1 
Proline 1.7 ± 0.0 1.7 ± 0.0 1.7 ± 0.0 1.7 ± 0.0 
Serine 1.7 ± 0.0 1.8 ± 0.0 1.7 ± 0.0 1.6 ± 0.0 
Tyrosine 1.6 ± 0.0 1.7 ± 0.0 1.7 ± 0.0 1.8 ± 0.0 
     
Taurine * 1.3 ± 0.0 1.1 ± 0.0 0.9 ± 0.0 1.0 ± 0.0 
* non-proteogenic amino acid 
1 Data are presented as means of triplicate samples, ± standard error, rounded to the nearest 0.1 g (± 0.1).  
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Table 2.3. Fatty acid composition (g 100 g−1 FAME) with respect to major fatty acids (> 1% total 
fatty acids) of the experimental diets fed to juvenile mixed sp. tilapia for 57 days.1 

  Diet       
Fatty Acid FM-100 INS-LOW INS-MED INS-HIGH 
14:0   3.4 ± 0.0   3.5 ± 0.0   3.6 ± 0.0   3.9 ± 0.0 
16:0 22.3 ± 0.1 22.2 ± 0.0 22.3 ± 0.1 22.7 ± 0.0 
18:0   3.6 ± 0.0   3.6 ± 0.0   3.6 ±0.0   3.6 ± 0.0 
18:1n−9 17.1 ± 0.0 17.1 ± 0.0 16.8 ± 0.1 16.6 ± 0.1 
20:1n−9   2.7 ± 0.0   2.7 ± 0.0   2.6 ± 0.0   2.6 ± 0.0 
18:2n−6 LA   5.3 ± 0.1   5.5 ± 0.1   5.7 ± 0.0   5.9 ± 0.1 
20:4n−6   0.9 ± 0.0   0.9 ± 0.0   0.9 ± 0.0   0.8 ± 0.0 
18:3n−3 ALA   1.6 ± 0.0   1.6 ± 0.0   1.6 ± 0.0   1.6 ± 0.0 
18:4n−3   0.9 ± 0.0   0.8 ± 0.0   0.8 ± 0.0   0.8 ± 0.0 
20:5n−3 EPA   7.3 ± 0.0   7.2 ± 0.0   7.2 ± 0.0   6.8 ± 0.0 
22:5n−3   0.8 ± 0.0   0.8 ± 0.0   0.8 ± 0.0   0.8 ± 0.0 
22:6n−3 DHA   5.2 ± 0.0   5.0 ± 0.0   5.0 ± 0.0   4.6 ± 0.0 
SFAa 30.4 ± 1.2 30.3 ± 1.2 30.6 ± 1.2 31.3 ± 1.2 
MUFAb 34.0 ± 0.9 33.8 ± 0.9 32.9 ± 0.9 32.1 ± 0.9 
PUFAc 24.1 ± 0.4 23.8 ± 0.4 24.0 ± 0.4 23.3 ± 0.4 
MC-PUFAd   9.4 ± 0.5   9.6 ± 0.5   9.8 ± 0.5 10.0 ± 0.6 
LC-PUFAe 14.7 ± 0.5 14.4 ± 0.5 14.3 ± 0.5 13.4 ± 0.4 
DHA:EPA   0.7 ± 0.0   0.7 ± 0.0   0.7 ± 0.0   0.7 ± 0.0 
n−3f 16.0 ± 0.5 15.7 ± 0.5 15.5 ± 0.5 14.7 ± 0.5 
n−6g   8.1 ± 0.4   8.3 ± 0.4   8.5 ± 0.4   8.7 ± 0.5 
n−3:n−6   2.0 ± 0.0   1.9 ± 0.0   1.8 ± 0.0   1.7 ± 0.0 
     1 Values represent means ± standard error of triplicate samples, rounded to the nearest 0.1 g.  
     a  Saturated fatty acids — sum of all fatty acids without double bonds; includes 17:0 and 20:0 in addition to 
individually reported SFA. 
    b Monounsaturated fatty acids — sum of all fatty acids with a single double bond; includes 
24:1n−9 in addition to individually reported MUFA. 
    c Polyunsaturated fatty acids — sum of all fatty acids with ≥ 2 double bonds; includes 16:2n−4, 16:3n−4, 
18:3n−4, 18:3n−6 and 20:3n−6 in addition to individually re- ported PUFA. 
    d Medium-chain PUFA — sum of all PUFA with chain lengths of 18 carbons; includes 18:3n − 6 in addition to 
individually reported MC-PUFA. 
    e Long-chain PUFA — sum of all fatty acids with chain length ≥ 20 carbon atoms and ≥ 3 double bonds; 
includes 20:3n−6 in addition to individually reported LC-PUFA. 
    f Sum of all n−3 fatty acids.    
    g Sum of all n−6 fatty acids; includes 18:3n−6 and 20:3n−6 in addition to individually reported n−6 fatty acids. 
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2.2.3. Experimental Design and Feeding Trial 

A fifty-seven-day feeding trial was carried out in a freshwater recirculating aquaculture 

system (RAS) consisting of 12, 90-L circular tanks (Figure 2.2). Tanks were filled to a volume of 

85-L each and supplied continuously with freshwater from two gravity-fed, 200-L holding 

containers, one of which served as a settling tank to remove solids. Each tank had a 1.27cm (1⁄2-

in.) water inflow valve set at an angle and an internal standpipe set approximately 5cm below the 

maximum tank level. Water overflow drained from the standpipes into a main drain line 

connected to two 750-L reservoirs and pumped (Pondmaster 2722, 1200 GPH, Danner 

Manufacturing Inc., Islandia, NY) from one reservoir back to the holding containers. The other 

reservoir served as a biological filter and contained bio beads for bacterial media (probably 

Nitrosomonas and Nitrobacter spp.). Water was delivered to each tank at a flow rate of 3.5 

L/min. A 6.0kw titanium immersion heater (Innovative Heat Concepts LLC., Homestead, FL) 

located in the biological filtration system was used to maintain the water temperature at 27.0 ± 

1.5°C throughout the experiment. Continuous aeration supplied by a SweetwaterÒ oil-less linear 

air compressor (SL94A, Pentair, Apopka, FL) delivered air to each of the 12 tanks through single 

three-inch SweetwaterÒ air diffusers (AL5L, Pentair, Apopka, FL) to sustain dissolved oxygen 

levels above 6.0 mg/L. A freshwater (0 ppt) exchange of 20% total system volume was 

performed once a day from an on-site well after flushing the system at the end of day. 

 

 
Figure 2.2. Freshwater recirculating aquaculture system (RAS) used to conduct the 57-day feeding 

study for juvenile mixed sp. tilapia. 
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Seventy hatchery-produced, bio-secure, mixed sp. tilapia (O. niloticus/O. aureus) 

juveniles from a single cohort, obtained from Island Aquaponics and Tilapia Hatchery LLC. 

(Keaʻau, HI, U.S.) were used in the study. Prior to starting the trial, all fish had been fed a 

commercial fish diet (Purina Aquamax Pond Fish Feed, Arden Hills, MN) for 10 days while 

quarantined. Ten fish (0.5 g ± 0.1, mean) were distributed to each of the twelve tanks and each 

tank was randomly assigned one of the experimental diets (three tanks/diet, n=3). Lower initial 

stocking rates were used to maximize the individual growth rate of fish. All tanks were fed by 

hand to apparent satiation twice per day at 0800 and 1400 for the length of the feeding trial. At 

the end of each day, daily feed intake for each tank was recorded. Lighting was provided by four 

fixtures, each with two 32-watt fluorescent ceiling lights (F32T8 900 series, Philips, Somerset, 

NJ), and the photoperiod was maintained at a 12D:12L cycle during the trial. Tanks were cleaned 

at least once a day; this included skimming the water surface to collect floating feces, siphoning 

tanks with a 2.5 cm siphon to remove settled solids, and flushing standpipes to remove organic 

waste near and in the standpipes. 

Water temperature (°C) dissolved oxygen, (mg/L) and salinity (ppt) were measured and 

recorded daily using a handheld multimeter (YSI Pro DSS, YSI Inc., Yellow Springs, OH) 

calibrated bi-weekly with an internal calibrator. pH and total ammonia nitrogen (TAN), were 

measured with an internally calibrated colorimeter (HACH DR/890, Loveland, CO), and 

unionized ammonia nitrogen (NH3) was calculated from TAN using pH, water temperature 

values, and the HACH: Table 1 values. The formula used to calculate unionized ammonia is: 

mg/L NH3 = ((mg/L NH3–N x percent NH3 from HACH Table 1) ÷ 100) × 1.2. Water quality 

parameters were maintained within ranges suitable for freshwater fish culture: temperature = 

27.1 ± 0.1 °C, dissolved oxygen = 6.8 ± 0.0 mg/L, pH= 7.1 ± 0.2, TAN = 0.1 ± 0.0 mg/L, salinity 

= 0.0 ± 0.0 ppt.  

 

2.2.4. Sample Collection and Analysis 

 Fish were fasted for 12 hours before the morning of each weighing. All fish were 

individually weighed upon initial stocking and at the end of the 57-day trial (Figure 2.3). Sixty-

six grams from the initial stocking and ten fish from each tank, at the end of the experiment, 

were sampled and placed in airtight Ziplock® freezer bags and immediately frozen and stored at -

20°C for subsequent whole-body composition analysis. In addition, at the end of the trial, two 
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fish from each tank were sampled and immediately stored in Ziplock® freezer bags and frozen at 

-20°C for moisture analysis. 

 

 
Figure 2.3. Juvenile mixed sp. tilapia at the end  

of the 57-day feeding trial. 
 
2.2.5. Fish Growth Calculations 

 Total percent weight gain, specific growth rate (SGR; % body weight/57 days), feed 

intake (g/day), feed conversion ratio (FCR), nitrogen retention (%), lipid retention (%), and 

survival rate (%) were calculated for all the treatments using the following formulae: 

 

Weight Gain (%) = 100 x [(WF-WI)/WI], where WF is the final individual fish wet 
weight (g) and WI is the initial individual fish wet weight (g); 

  
SGR (% body weight/days-1) = 100 x [(ln(WF)−(lnWI))/days], where WI is the initial 

individual fish wet weight (g) and WF is the final individual 
fish wet weight (g); 

  
Feed Intake (g/fish) = Total feed intake per tank (g)/total number of fish per tank 
  
FCR = Individual dry feed intake (g)/individual wet weight gain (g); 
  
Nitrogen Retention (%) = 100 x [(NF - NI)/N] where NF is the final nitrogen content in 

fish (g), NI is the initial nitrogen content in whole fish (g) and 
N is total nitrogen intake (g); 
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Lipid Retention (%) = 100 × [(LF – LI)/L] where LF is the final lipid content in fish 
(g), LI is the initial lipid content in whole fish (g) and L is 
total lipid intake (g); 

  
Survival (%) = 100 x (final number of fish/initial number of fish) 
 

2.2.6. Statistical Analyses 

 All statistical analyses were performed using R-Studio statistical software (RStudio: 

Integrated Development for R. RStudio, PBC, Boston, MA). Weight gain, SGR, nitrogen and 

lipid retention, and final body composition (proximate and FA) were compared for each dietary 

treatment using a one-way analysis of variance (ANOVA). All data expressed as percentage were 

arc-sine transformed and other data were transformed to meet the assumptions of ANOVA where 

appropriate. Significance was assessed at an alpha level p-Value of 0.05. Treatment means were 

compared using multiple comparison tests (Tukey’s HSD) when significant differences between 

treatments were found (P < 0.05). After the assumptions of linear regression analysis were met, 

analysis was conducted to reveal total n-3 FA correlation in the composition of experimental 

diets and final fish; significance was found at an alpha p-Value level of 0.05 (P < 0.05). 

 

2.3. Results 

2.3.1. Fish Growth and Feed Utilization 

At the end of the feeding trial, the growth performance of juvenile mixed sp. tilapia fed 

the three experimental diets was comparable to that of fish fed the control diet (Table 2.4). Final 

weight, weight gain, SGR, retained nitrogen and lipid, and survival had no variations among 

groups (P > 0.05). Total feed intake (g feed/fish) and survival (range = 96.7-100%) also had no 

significant differences (P > 0.05) between treatments, indicating that all diets were palatable and 

well-accepted by the fish; this was verified by visual inspection of feed intake during the trial. 

There were, however, significant differences (P > 0.05) in the FCR of fish fed the INS-HIGH diet 

and all other treatments.
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Table 2.4. Weight gain, specific growth rate (SGR), feed intake, feed conversion ratio (FCR), nutrient retention, and survival values of 
juvenile mixed sp. tilapia fed the experimental diets for 57 days.1 

         Diet       Pooled 
SE 

ANOVA 
F Value    FM-100     INS-LOW      INS-MED      INS-HIGH 

Initial weight (g)*   0.5 ± 0.0   0.5 ± 0.0   0.5 ± 0.0   0.5 ± 0.0    0.0 1.5 
Final weight (g)* 21.2 ± 1.1 19.2 ± 1.6 21.2 ± 1.3 17.6 ± 1.1    0.5 2.3 
Weight gain (%)* 4593.9 ± 278.1 4147.8 ± 167.3 4569.1 ± 284.0 3779.1 ± 218.9 122.8 2.3 
SGR (%/57 days)*   6.7 ± 0.3   6.6 ± 0.1   6.7 ± 0.3   6.3 ± 0.2    0.1 2.1 
Total feed intake (g/fish)* 44.8 ± 0.0 42.9 ± 0.0 39.4 ± 0.0 42.5 ± 0.0    0.0 0.9 
FCR  2.4b ± 0.2  2.4b ± 0.1  2.2b ± 0.2  2.8a ± 0.2    0.1 2.8 
Retained nitrogen (%)* 54.7 ± 7.0 50.4 ± 4.1 54.1 ± 7.0 44.8 ± 4.0    2.6 0.6 
Retained lipid (%)* 44.2 ± 5.5 38.2 ± 2.4 42.4 ± 5.0 31.0 ± 2.9    2.3 1.8 
Survival (%)* 96.7 ± 3.3  100 ± 0.0  100 ± 0.0 96.7 ± 3.3    1.1 0.7 
1 Data presented as means ± standard error of triplicate samples, rounded to the nearest 0.1 g. 
Means in the same row with the same superscript are not significantly different (P > 0.05).  

    * No significant differences were found (P > 0.05).     
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2.3.2. Whole-body Proximate Composition 

 Whole-body proximate composition (expressed as a percent of wet weight) was 

significantly influenced by dietary treatment (Table 2.5). The moisture content was not 

significantly different (P > 0.05) between treatment groups. Fish whole body protein levels were 

unaffected by dietary treatment between the Control and INS-LOW and were similar (P > 0.05) 

among fish fed the INS-MED and INS-HIGH diets. Whole-body lipid content was the highest in 

the Control fed fish and was not different (P > 0.05) in the INS-LOW and INS-MED groups. 

However, whole body lipid composition was lowest in fish fed the INS-HIGH diet. 

 

Table 2.5. Whole body composition (% wet weight) of juvenile mixed sp. tilapia fed the 
experimental diets for 57 days.1 

      Diet    Pooled 
SE 

ANOVA 
F value    FM-100      INS-LOW     INS-MED      INS-HIGH 

Moisture* 72.4 73.5 73.4 73.6 0.2     1.3 
Protein  16.2a   15.7ab   15.4bc   15.1bc 0.1    12.7 
Lipid    8.6a     8.1bc    8.2ab    7.9c 0.1    15.3 
Ash       2.6abc     2.6bc    2.8ab    3.0a 0.1     5.3 
1 Means in the same row with the same superscript are not significantly different (P > 0.05).  
* No significant differences were found (P > 0.05).  

 

2.3.3. Fish Fatty Acid Composition 

 Fatty acid profiles of fish were largely reflective of nutritional concentrations, and 

deposition of specific FA were comparable among all groups except 18:2n-6 and n-3:n-6 ratios 

(Table 2.6). Relative to nutritional levels, fish from all groups showed a decrease (P > 0.05) in 

total SFA and MUFA. In contrast, there was a steady increase in EPA, DHA, PUFA, MC-PUFA, 

LC-PUFA, total n-3, and total n-6. As the level of fBSFL increased, whole fish n-3 and n-6 

concentrations increased, respectively. Fish fed the Control diet were higher in total n-3:n-6 

ratios, SFA, and MUFA as FM was replaced with fBSFL. With increasing FM replacement with 

fBSFL meal in the experimental diets, levels of 18:3n-3, EPA, DHA, PUFA, MC-PUFA, LC-

PUFA, n-3 (particularly in the form of 22:6n-3), and n-6 also increased. No differences in the 

ratio of DHA:EPA were found in fish fed INS-MED and INS-HIGH diets, but differences were 

observed between the fish fed the Control and INS-LOW diets.  
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Table 2.6. Fatty acid composition (g 100 g−1 FAME) with respect to major fatty acids (> 1% total 
fatty acids) of whole-body juvenile mixed sp. tilapia fed the experimental diets for 57 days.1 

Fatty acid     Diet       Pooled            
SE 

ANOVA 
F Value FM-100 INS-LOW INS-MED INS-HIGH 

14:0   3.5a   3.4a   3.4a   3.2b      0.0  12.2 
16:0 24.8a 22.8b 22.2c 20.5d      0.1 203.9 
18:0   5.1a    4.5bc   4.8b  4.4c      0.1   25.4 
18:1n−9 24.0a 23.7a 23.2c 22.4b      0.1   28.3 
20:1n−9   2.3c   2.5b   2.5b   2.6a      0.0   24.9 
18:2n−6 LA*  0.1 0.0 0.0 0.0      0.0    1.1 
20:4n−6   0.8c    0.9ab    0.9ab   1.0a      0.0  25.6 
18:3n−3 ALA   2.8d   3.3c   3.7b   4.4a      0.1   86.9 
18:4n−3   0.3c   0.4b   0.4a   0.4a      0.0 113.3 
20:5n−3 EPA   1.5c   1.8b   1.9b   2.0a      0.0 105.6 
22:5n−3   2.7c   3.1b    3.2ab   3.4a      0.0   51.9 
22:6n−3 DHA   5.1d   5.7c   6.2b   6.6a      0.1   73.5 
SFAa 34.4a 31.9b 31.5b 29.5c      0.1 138.7 
MUFAb 40.5a 40.3ab   39.4abc 38.2c      0.3   11.0 
PUFAc 14.9d 17.0c 18.3b 20.2a      0.1 201.1 
MC-PUFAd   3.9d   4.6c   5.2b   6.1a      0.1 148.1 
LC-PUFAe 11.0d 12.4c 13.1b 14.1a      0.1   82.8 
DHA:EPA   3.4a   3.2c   3.3b    3.3ab      0.0  27.7 
n−3f 12.6d 14.4c 15.5b 17.1a      0.1 151.7 
n−6g   2.3d   2.6c   2.8b   3.1a      0.0 467.2 
n−3:n−6* 5.6 5.5 5.6 5.4      0.0     2.2 

1 Values represent means of triplicate samples, rounded to the nearest 0.1 g.   
Means in the same row with the same superscript are not significantly different (P > 0.05).  
* No significant differences were found (P > 0.05).    
     a Saturated fatty acids — sum of all fatty acids without double bonds; includes 17:0 and 20:0 in addition to 
individually reported SFA.  
     b Monounsaturated fatty acids — sum of all fatty acids with a single double bond; includes 24:1n−9 in addition to 
individually reported MUFA. 
     c Polyunsaturated fatty acids — sum of all fatty acids with ≥2 double bonds; includes 16:2n:4, 16:3n−4, 18:3n−4, 
18:3n−6 and 20:3n−6 in addition to individually re- ported PUFA.  
     d Medium-chain PUFA — sum of all PUFA with chain lengths of 18 carbons; includes 18:3n−6 in addition to 
individually reported MC-PUFA.  
     e Long-chain PUFA — sum of all fatty acids with chain length ≥ 20 carbon atoms and ≥ 3 double bonds; includes 
20:3n−6 in addition to individually reported LC-PUFA.  
     f Sum of all n−3 fatty acids.       
     g Sum of all n−6 fatty acids; includes 18:3n−6 and 20:3n−6 in addition to individually reported n−6 fatty acids.  
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2.4. Discussion 

2.4.1. Fish Growth and Feed Utilization 

Results of this trial indicate that FM concentrations in diets for juvenile mixed sp. tilapia 

can be substantially reduced using a blend of fBSFL, SPC, and spirulina without causing a 

significant decrease in fish growth performance or feed efficiency. All fish fed the experimental 

diets grew comparably (P > 0.05) to those fed the FM-based Control diet. Recent feed studies 

have corroborated that there are no significant negative effects on growth and feed utilization in 

Nile tilapia (Orechromis niloticus) fed BSFL meals as a partial substitute for FM (Bakar et al. 

2021; Muin et al. 2017). Devic et al. (2018) found that FM replaced with BSFL meal up to 30% 

(3% of the total diet) in feeds fed to juvenile Nile tilapia, had no negative effects on growth and 

feed utilization. Agbohessou et al. (2021) found no significant differences in growth between 

Nile tilapia fed a diet with a total replacement of BSFL meal for FM, though replacement with 

BSFL meal was only 20% of the total diet. To date, there have been no studies conducted to 

evaluate the effects on growth and feed efficiency of juvenile mixed sp. tilapia fed a blend of 

fBSFL meal, SPC, and spirulina meals or with concentrations of BSFL meals higher than 32.5% 

crude protein. The current study found that feed intake effecting final weight, weight gain, SGR, 

survival rate, and retained nitrogen and lipid in the control and experimental diets were 

statistically the same (P > 0.05) leading to the conclusion that FM can be replaced with fBSFL 

meal up to 50% (19% total diet, 30% total crude protein) in diets for juvenile mixed sp. tilapia.  

Feed conversion ratio is the relation of feed intake and fish weight gain during a period of 

time. Lower FCR values imply that a feed is efficiently converted into fish weight gain while 

factors like overfeeding or underfeeding increases the ratio. Specific growth rate measures the 

percentage increase in fish weight per day, typically expressed as %/day. The SGR of fish in this 

experiment was similar between all treatments with no significant differences (P > 0.05). 

However, FCR in fish fed the INS-HIGH was 2.8 ± 0.2, significantly different (P > 0.05) from all 

other treatments, but within the range of the typical FCR for farmed Nile tilapia. The study 

conducted by Siddiqui et al. (1988) found fry and fingerling Nile tilapia (0.84–40.0 g) fed diets 

containing 50% (79% total diet) FM had FCRs between 2.3-2.8. The same study also found that 

after a 98-day feeding trial the SGR for Nile tilapia fry fed the 50% (79% total diet) FM 

inclusion was 1.2%/day (Siddiqui et al. 1988). A 12-week feeding trial testing BSFL meal 

replacement for FM in diets for Nile tilapia fry found that the 75% FM (32% total diet) 
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replacement diet had an FCR of 0.89 ± 0.02 and SGR of 2.15 ± 0.03 (Limbu et al. 2022). The 

results of these studies corroborate the current study, elucidating that fBSFL meals are able to 

replace FM at levels up to 50% (19% total diet) in feeds for juvenile mixed sp. tilapia without 

negatively affecting weight gain and SGR. 

The fundamental component of amino acids, nitrogen, can be used to measure 

metabolism in animals. Having a positive nitrogen balance is associated with growth and tissue 

repair and a negative balance is related with malnutrition (WHO 2007). Although retained 

nitrogen, measured as a percentage, was statistically similar between all treatments (P > 0.05), 

the INS-HIGH diet had the lowest protein percentage, which may have been a result of decreased 

FM in the diet. Retained nitrogen is associated with growth performance and lower percentages 

may also be suggestive of an inadequate supply of EAA (Bowyer et al. 2013). Retained lipid was 

not significantly different between diets, though was lowest in the INS-HIGH diet. Diets were 

formulated with a slight reduction in FO and may have affected the final retained lipid levels in 

fish. Though, another feasible explanation may be that fish inefficiently metabolized EAA in the 

diets with higher fBSFL meal inclusion, affecting final lipid and protein retention. A similar 

study showed that fish with higher crude fat and adequate protein in their diets retain more 

biomass compared to diets with luxury protein levels and adequate crude lipid percentages (Kim 

et al. 2012). 

 

2.4.2. Whole-body Proximate Composition 

 The current study found protein in the final fish flesh had significant differences. The 

Control and INS-LOW diets (16.2, 15.7) were similar (P > 0.05) and had a slight decline as FM 

was replaced in the statistically similar INS-MED and INS-HIGH diets (15.4, 15.1), respectively. 

A feeding study conducted by Agbohessou et al. (2021) revealed similar results with a negative 

correlation in protein as FM was replaced in juvenile Nile tilapia fed feeds with BSFL protein 

meal as a full replacement for FM. The INS-HIGH diet had the lowest percentage of fish whole 

body protein composition which may have been a result of the decreased FM in the diet. Whole 

body composition of lipid in fish at the end of the trial were statistically lower than the FM 

Control diet and lowest in the INS-HIGH whole body fish composition. Formulation of the 

experimental diets had a slight decrease of FO inclusion and may have affected the retained lipid 

in final fish flesh. Lipid was lowest in the INS-HIGH diet, though with the highest moisture 
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percentages. This was logical when relating the moisture and oil ratio between treatments, while 

oil is unable to dissolve into water due to the chemically hydrophobic nature of lipids. Lastly, 

there were no significant differences in moisture between the Control and the three experimental 

diets. 

 

2.4.3. Amino Acid Composition of the Diets 

 Although the experimental diets were formulated to meet the minimal EAA requirements, 

according to Nutritional Requirements of Fish and Shrimp, the fBSFL meal used in the study was 

inadequate in methionine requirements for juvenile tilapia. Furthermore, juvenile tilapia fed diets 

low in methionine are known to exhibit reduced growth and decreased feed efficiency (Furuya et 

al. 2004; Nguyen & Allen-Davis 2009). Methionine levels in the fBSFL protein meal (0.84% dry 

weight) was below the 1.3% DM dietary methionine requirement level for juvenile Nile tilapia 

suggested by Furuya et al. (2001). For this reason, methionine was progressively supplemented 

in the diets with increasing FM replacement. The total replacement of FM with fBSFL meal 

could fulfill the EAA requirements if methionine was supplemented. 

 

2.4.4. Dietary and Fish Fatty Acid Composition 

 In general, final fish FA composition inversely reflected dietary concentrations. Final fish 

from all treatments retained total EPA and DHA relative to dietary levels, indicating selective 

retention of these FA, which is typically observed in teleost fish (Trushenski et al. 2006). The 

DHA and EPA concentrations of diets and final fish FA composition had a slight negative 

correlation; as EPA concentrations were reduced in the diets, concentrations gradually grew in 

final fish FA composition. This was similar for DHA; as the FA decreased in the experimental 

diets, they increased in the final fish FA composition. In other feeding trials similar to the current 

study, where FM is replaced with BSFL meals, the results show a different relation. The results 

of those trials exhibited a positive linear correlation of DHA and EPA in the FM replacement 

feeds and final fish fillets (Devic et al.2017; Melenchón et al. 2021; Agbohessou et al. 2021).  

The current study showed that total n-3 FA had a significant negative correlation (P < 

0.05) in feeds and the final fish composition (Fig 2.4). As levels of total n-3 decreased in the 

replacement diets, levels increased in the final fish, yet FO concentrations were the same 

throughout all formulated diets, respectively. Studies testing BSFL meal replacement for FM had 
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different results; total n-3 levels both decreased in diets and final fish fillets as FM was 

progressively replaced with BSFL meal (Devic et al. 2017; Melenchón et al. 2021). Fatty acid 

concentrations in the Control, experimental feeds, and final fish validate that FM replacement 

with a blend of fBSFL meal, SPC, and spirulina in feeds for mixed sp. tilapia are able to maintain 

levels of n-3 acceptable enough to certify adequate nutritional value for consumers. 

 

 
Figure 2.4. Correlation (P < 0.05) of total omega-3 (n-3) fatty acids between all diets and final fish flesh. 

2.4.6. Conclusion 

In summary, this feeding study found that:  

§ The replacement of up to 50% of FM with a fBSFL meal did not reduce the growth 

performance of juvenile mixed sp. tilapia. This value corresponds to a total of about 30% 

of the total protein in the diet and 19% of the total feed formulation. 

§ Fish SGR (6.3 – 6.7%/day) had no significant differences (P > 0.05) throughout all diets. 

§ Fish FCR were similar (P > 0.05) among the Control and all diets (2.2 – 2.4) except for 

the FM-HIGH diet (2.8). 

§ Retained nitrogen (44.8 – 54.7%) and retained protein (31.0 – 44.2%) in final fish fillets 

were statistically the same (P > 0.05) throughout all diets. 
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§ There were no differences (P > 0.05) in whole body proximate composition (% wet 

weight) of moisture in final fish fillets, but there were significant differences (P > 0.05) in 

protein, lipid, and ash among all diets. 

§ No differences (P > 0.05) were found in n-3:n-6 FA ratios in all diets, though amongst all 

diets there were significant differences (P > 0.05) in all other major FA. 

 
Positive results were found after analyzing the final data and the potential for replacing 

FM with a blend of alternative ingredients like fBSFL is feasible. Though, further refinement of 

the fBSFL protein meal with the goal of increasing the quality of the protein for improving 

nutrient absorption and digestibility efficiency could have greater positive effects on growth and 

feed conversion. As indicated in this study, mixed sp. tilapia can effectively utilize fBSFL protein 

in their diets, though ideal growth performance may depend more on utilizing protein from BSFL 

reared on higher quality substrates. Before the fBSFL protein can be refined to optimize mixed 

sp. tilapia feed conversions, fundamental research objectives should center on determining 

specific nutrient requirements for mixed sp. tilapia. A digestibility study and analysis could offer 

an improved understanding of the application of fBSFL proteins in feeds for mixed sp. tilapia. 

Also, further investigation into the outcomes of refining the fermentation process to alter the 

quality of the BSFL meal (i.e., FA composition) and subsequent results this may have on product 

quality and consumer acceptability, should be assessed.  
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CHAPTER 3. GENERAL CONCLUSIONS AND IMPLICATIONS 

3.1. General Conclusions and Implications of this Study 
In general, this study produced positive results that can be used to expand the scientific 

body of knowledge on fish nutrition, specifically, the use of a blend of soy protein concentrate 

(SPC), spirulina (Arthrospira platensis), and fermented black soldier fly larvae (fBSFL) as a 

replacement for fish meal (FM) in diets for juvenile mixed sp. tilapia. This study found that FM 

can be replaced with fBSFL up to 50% in diets for juvenile mixed sp. tilapia without negatively 

affecting growth, nitrogen and lipid retention, or survival. The study also found that replacing 

FM with fBSFL at levels above 25% did however, negatively affect feed conversion ratio (FCR). 

Furthermore, this study found that there was an increase in total omega-3 (n-3) fatty acid (FA) 

retention in the final fish flesh as FM was replaced with fBSFL. Lastly, the study found that 

feeding a blend of fBSFL, SPC, and spirulina meals formulated for juvenile mixed sp. tilapia was 

possible without negatively affecting growth, feed conversion and survival. 

Data showed that total n-3 FA had higher levels in the flesh of the fish fed the 

experimental diets than the Control. This finding is remarkable considering the FM had moderate 

levels of n-3 FA (Appendix D) and notably lower levels of total n-3 FA in fBSFL meal 

(Appendix F). Furthermore, FO, being the same across all diets, appears unable to account for 

this observation: more total n-3 FA in fish flesh across all experimental diets vs. controls. This 

leaves the other major FM replacement supplement: Spirulina, as a possible dietary source of n-3 

FA, that may help account for the higher total n-3 FAs in fish flesh across all experimental diets 

(vs. controls). Another factor that may have caused this outcome could have been a result of 

mixing spirulina sp. and fBSFL in the experimental diet formulations. Still, the fact remains, that 

as the inclusion of fBSFL increased, total n-3 in the final fish flesh increased even though, other 

than FM, all other major ingredients potentially containing n-3 FA were identical across all diets, 

including the Control. To date, there have been no studies elucidating the potentials of mixing 

Spirulina sp. and fBSFL and the effects it may have on retained n-3 in fish species; this should 

be further investigated.  

This study had many implications, including the potential for developing industry in 

economically disparate communities like rural, East Hawaiʻi island where there is abundant land 

and freshwater resources, but little agricultural and economic opportunity. The Hawaiʻi 2050 



 39 

Sustainability Plan was published in 2008 by the Hawaiʻi Sustainability Task Force, which 

outlines a plan to develop and shift the Hawaiian economy, energy resources, and food from 

dependence on the continental U.S. to self reliant and sustainable by the year 2050. If this action 

plan is to be reached, the goverment must invest into industry that supports food security. 

Hawaiʻi was once a leading innovator of aquaculture products like specific pathogen free brood 

shrimp and a net exporter of fish and shrimp. If history can be replicated, it is possible to 

transition Hawaiʻi’s seafood industry from an import to an export industry once more. 

 
3.2. Implications: Insect Meals for the Aquaculture Industry 

There is a great potential for using insects as an alternative source of protein and as a 

replacement for FM. Furthermore, the prospective for insects like black soldier fly larvae (BSFL) 

as a bioremediatory for organic waste should also be realized. Organic wastes from agriculture, 

households, and restaurants could be viable sources for insect larvae substrates. Additionally, the 

organic waste, frass, along with chitin produced from production and processing of BSFL, has 

been proven to be a quality terrestrial fertilizer. Currently, insect proteins can be considered 

adequate to partially replace FM, however, producing these protein sources from insect to final 

product may not yet be economically feasible from an industrial position and will require 

additional analysis before being commercially relevant. The possibility for rearing BSFL is 

apparent, especially in areas where access to raw materials needed to produce aquafeeds is 

minimal. Place-based economic feasibility studies and environmental impact statements would 

be needed while research on insect meals for animal feeds is becoming more available as 

academia and science focuses efforts on elucidating their possibilities.  

Rearing and incorporating insects in diets for fish does require increased nutritional 

expertise, though, industry leaders have already heavily invested in research and development 

that is publicly available. There are numerous companies worldwide that produce and sell feed 

grade quality BSFL meal provided in small or large volumes. Small, home scale rearing systems 

are possible, though processing the raw material into high quality protein meals may require 

advanced technology and procedures. From a practicality standpoint, using BSFL in aquafeeds is 

very possible and in fact being implemented in the aquaculture, terrestrial livestock, and human 

nutrition industries presently. 



 40 

Although insect meals (IM) display advantages for use in aquafeeds, the high cost of 

industrial production may be a limiting factor that could deter its commercial use. However, as 

technology and research advance in the insect rearing industry, cost of production should 

decrease along with the price of the final product. Today, the bulk, wholesale cost of high-quality 

IM ($3700-5800/MT) is exceedingly more than FM ($1780/MT) and although FM is a more 

complete protein than BSFL meal, from an environmental standpoint, if BSFL meal was 

included in fish feed formulations, it could curve the cost fish production has on the 

environment. For instance, if the industry were to include IM in aquafeeds, it could potentially 

ease the harvesting pressure on wild forage fish stocks while reducing agricultural and municipal 

waste streams. By utilizing insects as a bioremediatory and viable protein source, there is a 

potential to recycle waste while subsidizing raw ingredients for the aquaculture industry.  

High quality BSFL meals may be less available than FM in some regions and this may be 

due to the few industrial sized producers of BSFL worldwide. The biotechnology and agricultural 

company AgriProtein, funded by the Western Cape government in South Africa, is the largest 

producer of BSFL meal in the world and unlike other companies in the industry, do not produce 

BSFL meals for animal feeds, instead for human consumption. Insect meals can be high in 

protein with sufficient amounts of vitamins and trace minerals to be adequate for human diets. 

Utilizing insects as a human food source is proving to be useful in combating malnutrition in 

parts of the world like central and West Africa. 

 
3.3. Study Highlights and Future Research 

 The research conducted here demonstrated that FM levels can be reduced in diets for 

juvenile mixed sp. tilapia by up to 50% using fBSFL meal as a replacement, supplemented with 

soy protein concentrate and spirulina. The essential amino acid (EAA) profiles and protein/lipid 

levels of fBSFL meals are shown to be adequate, though it has yet to be determined if total FM 

replacement is possible in diets for mixed sp. tilapia. Finding no difference in growth 

performance between the experimental diets and Control showed the possibility that higher 

inclusion levels of IM with a blend of other alternative proteins and oils may be possible. Further 

research should similarly be conducted to discover how diverse organic substrates, used as larval 

feeds, may affect black soldier fly larvae (BSFL) composition, as well as how fermentation 

processes can contribute to the synthesis of beneficial EAA. 
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 Future research should also be conducted to determine the economic feasibility as well as 

environmental impacts of rearing insects and their use in aquafeeds that may affect specific 

regions and communities. Most pollution made from the feeding of aquatic species is borne from 

wasteful feeding practices and organic waste produced from the metabolism of fish. Harnessing 

and recycling these waste products could prove to be a useful technique to slow environmental 

pollution. However, organic waste streams used as substrates for rearing BSFL can be variable in 

nutritional quality and can contain toxic compounds like heavy metals. Research to support 

policy is needed to establish standard practices, protocols, and law to monitor IM producers for 

use as animal feeds and human food chains. Additionally, downstream water pollution and 

impacts to the environment and remediation of the waste streams from aquafeeds produced with 

BSFL have not been studied and should also be researched as a benefit to the farmer, community, 

and surrounding ecosystem.  

 The work conducted in this experiment provides a baseline of data on the ability for 

mixed sp. tilapia to use fermented IM in their diets and suggests that substantial replacement of 

FM is feasible in feeds for these fish. Though, before feeds formulated with alternative proteins 

can be commercialized, essential areas of research must be advanced. Digestibility of fBSFL 

protein in diets for mixed sp. tilapia should be further investigated. Secondly, studies should 

further research the EAA requirements for mixed sp. tilapia, so that alternative feeds can be 

prepared precisely as FM is replaced. Thirdly, further research should be conducted to elucidate 

the effects fBSFL meals have on mixed sp. tilapia at different life stages. Lastly, research should 

substantiate the feasibility to scale alternative ingredients for commercial production, especially 

in areas where access to high quality feed ingredients is nominal.  

Preferably, this work will contribute toward the expansion of sustainable aquaculture in 

Hawai‘i, which was traditionally used as a major resource for feeding the population in ancient 

Hawaiian societies (Appendix G). Based on results observed in this study, it seems that at the 

present time these fish may still need some level of FM in their diets in order to retain 

physiological fitness. Nevertheless, any reduction in the amount of FM used in aquafeeds will 

help to decrease pressure on wild fish stocks and transition the aquaculture industry toward 

achieving true sustainability. 
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APPENDIX A: Table of Acronyms 
 

Table of Acronyms 

  
ADB Animal derived byproducts 
AOAC Association of Official Agricultural Chemists 
AOCS American Oil Chemists' Society 
BSFL black soldier fly larvae 
DHA docosahexaenoic acid 
DM dry matter 
EAA essential amino acids 
EPA eicosapentaenoic acid 
fBSFL fermented black soldier fly larvae 
FA fatty acids 
FCR feed conversion ratio 
FAME fatty acid methyl esters 
FM fish meal 
FO fish oil 
GPH gallons per hour 
IM insect meal 
INS insect diet (as it pertains to the experimental diets) 
LC-PUFA long chain polyunsaturated fatty acids 
MC-PUFA medium chain polyunsaturated fatty acids 
MMT million metric tons 
MUFA monounsaturated fatty acids 
MT metric tons 
n-3 omega-3 
n-6 omega-6 
ppt parts per thousand 
RAS recirculating aquaculture system 
SFA saturated fatty acids 
SGR specific growth rate 
SPC soy protein concentrates 
TAN total ammonia nitrogen 
W/W% wet weight percent 
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APPENDIX B: Studies with BSFL Meal Replacement for FM in Diets for Important Cultured 
Fish Species 

 

Species 
Maximum FM 
Replacement 

(%) 

BSFL Dry 
Mass in the 

Replacement 
Diet (g/kg) 

BSFL Dry 
Mass in the 

Replacement 
Diet (%) 

Reference* 

Nile tilapia (Oreochromis niloticus)   30.0   80.0   3.0 Devic et al. 2018 
Nile tilapia (O. niloticus)   40.0   40.0   4.0 Tippayadara et al. 2021 
Nile Tilapia (O. niloticus)   75.0 317.6 31.8 Limbu et al. 2022 
Nile tilapia (O. niloticus) 100.0 204.3 20.4 Agbohessou et al. 2021 

Atlantic Salmon (Salmo salar)   12.5 161.3 16.3 Weththasinghe et al. 2021 
Yellow catfish (Pelteobagrus fulvidraco)   25.0 108.0 10.8 Xiao et al. 2018 
Rainbow Trout (Oncorhynchus mykiss)   30.0 109.1 10.9 Melenchón et al. 2021 

European sea bass (Dicentrarchus labrax)   32.0   72.5   7.3 Abdel-Tawwab et al. 2020 
Japanese seabass (Lates calcarifer)   34.0 154.0 15.4 Katya et al. 2017 
African catfish (Clarias gariepinus)   60.0 114.5 11.5 Fawole et al. 2020 

Mirror carp (Cyprinus carpio var. Jian)   75.0   79.0   7.9 Li et al. 2017 

Siberian sturgeon (Acipenser baerii)   75.0 300.0 30.2 Rawski et al. 2020 
Zebrafish (Danio rerio) 100.0 500.0 50.0 Lanes et al. 2021 

 * All experiments listed were conducted in controlled environments. 
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APPENDIX C: Gross Energy Content of Feed Ingredients 
 

Gross energy values (kcal/kg) of major feed ingredients utilized in the feeding trial. Values 
were used to calculate total gross energy content for all the experimental diets. 

Ingredient  Gross Energy (kcal/kg) 

Fish Meal (Pacific whiting)a  5180 

Spirulina sp. (Arthrospira platensis)b  3898 

Soy protein concentratea 3477 

Fermented BSFL mealc 3457 

Fish oild  9380 

Dextrin (from corn)a  4050 
a Values obtained from Barrows et al. 2005   
b Values provided by EarthriseⓇ, Irvine, CA.   
c Values provided by ChapulⓇ Farms, McMinnville, OR. 
d Values provided by Pacific BioProducts, Newport, OR. 
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APPENDIX D: Fatty Acid Composition of Fish Meal 
 

Fatty acid composition (g 100 g−1 FAME) with respect to major fatty acids (> 1% total fatty acids) 
of fish meal used in the experimental feeds for mixed sp. tilapia.  
Fatty Acid  g FA/100 g fatty acid methyl esters (FAME)1 

14:0   3.0 
16:0 19.0 
18:0   5.0 
18:1n−9 25.0 
20:1n−9   2.5 
18:2n−6 LA   1.8 
20:4n−6   1.5 
18:3n−3 ALA   1.5 
20:5n−3 EPA 12.3 
22:6n−3 DHA 12.0 
SFAa 27.0 
MUFAb 27.5 

PUFAc 29.1 

LC-PUFAe 24.3 

DHA:EPA   1.0 
n−3f 25.8 
n−6g   3.3 

n−3:n−6   7.8 
Values rounded to the nearest 0.1 g.   
     a  Saturated fatty acids — sum of all fatty acids without double bonds. 
    b  Monounsaturated fatty acids — sum of all fatty acids with a single double bond. 
    c  Polyunsaturated fatty acids — sum of all fatty acids with ≥ 2 double bonds. 

    d  Medium-chain PUFA — sum of all PUFA with chain lengths of 18 carbons. 

    e  Long-chain PUFA — sum of all fatty acids with chain length ≥ 20 carbon atoms and ≥3 double bonds. 
    f  Sum of all n−3 fatty acids. 

    g  Sum of all n−6 fatty acids. 
1 g 100 g−1 FAME (g FA/100 g fatty acid methyl esters) shows % (by mass) of each FA of all (total) FAs, where total 
FAs have been esterified to their methyl esters (presumably for stability). Making a methyl ester of a typical dietary 
FA (12-18 carbons) has an effect on the mass of dietary FAs of roughly 1 part in 12 to 18 (~ 5 to 8 % ). 
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APPENDIX E: Amino Acid and Proximate Composition of 
Fermented BSFL Meal 

 

     Analyzed amino acid and proximate composition (g 100 g−1) of fermented BSFL meal. 

Amino Acid W/W%     
Taurine § 0.01   
Hydroxyproline 0.09   
Aspartic Acid 4.47   
Threonine 1.80   
Serine 1.43   
Glutamic Acid 4.23   
Proline 2.01   
Lanthionine § 0.11   
Glycine 2.23   
Alanine 2.72   
Cysteine 0.32   
Valine 2.87   
Methionine 0.84   
Isoleucine 2.26   
Leucine 3.30   
Tyrosine 2.22   
Phenylalanine 2.12   
Hydroxylysine 0.00   
Ornithine § 0.09   
Lysine 2.45   
Histidine 1.13   
Arginine 1.86   
Tryptophan 0.56   

    
Crude protein* 51.06   
Moisture   2.74   
Crude Fat   5.84   
Crude Fiber 11.37   
Ash 10.45   
ADF 20.75   
W/W% = grams per 100 grams of sample.  
Crude protein* = % N x 6.25    
§ Non-proteinogenic amino acids. 
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APPENDIX F: Fatty Acid Composition of Fermented BSFL Meal 
 

Fatty acid composition (g 100 g−1 FAME) with respect to major fatty acids (> 1% total fatty acids) 
of fermented BSFL used in the experimental feeds for mixed sp. tilapia.  
Fatty Acid  g FA/100 g fatty acid methyl esters (FAME)1 

14:0   6.5 
16:0 32.3 
18:0   5.5 
18:1n−9 15.3 
20:1n−9   0.2 
18:2n−6 LA   7.9 
20:4n−6   0.0 
18:3n−3 ALA   0.1 
18:4n−3   0.1 
20:5n−3 EPA   0.0 
22:5n−3   0.0 
22:6n−3 DHA   0.0 
SFAa 46.4 
MUFAb 19.5 

PUFAc   8.3 

MC-PUFAd   8.1 

LC-PUFAe   0.2 

DHA:EPA   0.0 
n−3f   0.3 
n−6g   8.1 

n−3:n−6   0.0 
Values rounded to the nearest 0.1 g.   
     a  Saturated fatty acids — sum of all fatty acids without double bonds. 

    b  Monounsaturated fatty acids — sum of all fatty acids with a single double bond. 
    c  Polyunsaturated fatty acids — sum of all fatty acids with ≥ 2 double bonds. 

    d  Medium-chain PUFA — sum of all PUFA with chain lengths of 18 carbons. 

    e  Long-chain PUFA — sum of all fatty acids with chain length ≥ 20 carbon atoms and ≥3 double bonds. 

    f  Sum of all n−3 fatty acids. 

    g  Sum of all n−6 fatty acids. 
1 g 100 g−1 FAME (g FA/100 g fatty acid methyl esters) shows % (by mass) of each FA of all (total) FAs, where total 
FAs have been esterified to their methyl esters (presumably for stability). Making a methyl ester of a typical dietary 
FA (12-18 carbons) has an effect on the mass of dietary FAs of roughly 1 part in 12 to 18 (~ 5 to 8 % ). 
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APPENDIX G: Cultural Connections 
 

 Ancient Hawaiʻi relied on utilizing and enhancing diverse ecological systems as a means 

to sustain a growing population with limited resources. The ancients understood that in order for 

a population to grow without depleting the limited natural resource of an island, they would need 

to protect and enhance those resources. One of the most important techniques the ancient 

Hawaiians used to enhance the natural ecological operations as a means to produce more food 

was nutrient recycling. 

 The concept of nutrient recycling was apparent in the most important of the traditional 

Hawaiian socioeconomic models, the ahupuaʻa system. The geologic system, extending from the 

high mountain to the sea and consisted of diffierent parts, each utilizing energy from the previous 

in order to maximize the uptake of nutrients. In the high mauka (mountain), rain creating runoff 

rich in nutrients, borne from the decomposition of organic material from trees, would travel 

downward, toward makai (the ocean). As nutrients were captured in streams, the streams were 

then diverted into different loko (ponds), each constructed for a specific use: the main loko were 

loko kalo (taro) used for growing taro, loko wai (water) used as a settling tank or sometimes to 

grow algae, and loko iʻa (fish) was used as a fish pond. These lokos, sometimes arranged in 

different configurations, were the main sources for aquatic based foods. Furthermore, the 

systems were habitat for microorganisms that would feed fish in the loko iʻa then onto the ocean. 

The concept was basic: by capturing and utilizing the natural processes of nutrient cycling within 

an aquatic environment, the ancient Hawaiians could grow food crops year round with little input 

and environmental footprint. 

 Today, we have a great problem with waste and ways to utilize waste streams to 

remediate them from turning into polution. I believe we have a great opportunity to not only 

remediate these waste streams that would otherwise become polution, but we can actually 

produce useable products from waste streams. For instance, turning organic waste into proteins 

for feeds and/or energy. We can most certainly learn from our past to develop innovative ways to 

feed a growing population while protecting the natural environment, we just need to connect to 

our cultural past to guide us.  
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