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ABSTRACT 

INSECT MEAL IN BROILER CHICKEN FEEDING PROGRAMS: GROWTH 

PERFORMANCE AND METABOLIC AND PHYSIOLOGICAL RESPONSES TO 

BLACK SOLDIER FLY MEAL 

Hannah Facey                                                                                                      Advisor: 

University of Guelph, 2022                                                                                 Dr. Elijah Kiarie 

This study investigated the effects of partial to complete replacement of soybean meal 

(SBM) with black soldier fly larvae meal (BSFLM) in broiler chicken feeding programs. The 

diets included a corn-SBM based control diet (0%BSFLM) fed with and without coccidiostats 

and antibiotics (AGP), and four BSFLM diets formulated to replace SBM by 12.5%, 25%, 50%, 

and 100%. Growth performance was recorded at the end of each phase (d 10, 24, and 49). 

Metabolic and physiological parameters were measured on d 24 and 49 to obtain comprehensive 

data resulting from a wide range of BSFLM inclusion levels. Low levels (12.5 and 25) of 

BSFLM may provide some growth promoting effects similar to AGP diets. In higher amounts 

(50, 100), BSFLM causes a depression in feed intake and growth. Further research is required to 

unravel post-absorptive nutrient utilization in broiler chickens fed high levels of BSFLM.  
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CHAPTER 1: General Introduction 

Global meat consumption has been consistently increasing for the past several decades 

and is projected to continue by another 12% between 2020 and 2029 due to increased wealth and 

population growth (OECD & FAO, 2021; Ritchie & Roser, 2019). Poultry meat is the main 

driver behind this growth given its efficient feed conversion and lack of cultural or nutritional 

constraints (Ritchie & Roser, 2019).  

Conventional commercial poultry feed relies on a few common ingredients, most notably, 

SBM. Soybean meal is the main source of protein and amino acids (AA), and to some extent 

energy, in commercial broiler diets; however, soybean is a versatile crop, is in high demand, and 

is utilized by many other industries (Voora et al., 2020). Furthermore, increasingly 

unpredictable, and severe weather events is portending crop shortages and inconsistent 

production. The increasing demand and unreliable supply of SBM can result in an unstable 

economic climate and threatens to push feed prices to unsustainable levels for poultry producers 

(Saefong, 2020).  

Additionally, the poultry industry is facing more stringent restrictions on antibiotic use, 

given the now prohibited use of category 1 and 2 antibiotics, and the current intention to also 

prohibit category 3 antibiotics (Bean-Hodgins & Kiarie, 2021). Poultry producers rely on these 

products to ensure flock health and growth performance to meet industry product standards. With 

increasingly limited options, antibiotic alternatives will have to be identified to meet the 

increasing demand for poultry meat.  

Insect meal has been proposed as a possible feed ingredient in poultry diets as it is 

already a common food source in some cultures and is a part of the ancestral poultry diet (Bovera 

et al., 2015). Research to date has shown that insects are produced with a low carbon footprint, 

little land requirement, and are reared on by-products and waste from the food industry. Insects 

are also abundant and generally have a high-quality nutritional profile, which is high in protein 

and fat, thus making it a suitable replacement/substitute for SBM (Józefiak et al., 2016). Insects 

also contain some possible functional properties such as antimicrobial and prebiotic components. 

These effects are thought to be the result of chitin and medium-chain fatty acids (MCFA) such as 

lauric and myristic acid. Insects have varying levels of chitin present in their exoskeleton, 

depending on the species, and varying levels of MCFA depending on their rearing substrate, age 
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of harvest, and other production and processing factors, however these properties make insect 

meal a possible alternative to antibiotics in commercial broiler diets through supported gut and 

immune health (Dörper et al., 2020; Józefiak et al., 2016; Rimoldi et al., 2019).  
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CHAPTER 2: Literature Review 

 

2.1 Insect Use in Feed 

 Insect consumption is a common practice in many parts of the world, where 

approximately 2,000 insect species have been identified as edible (Khan, 2018). Overall, insects 

provide energy, fat, protein, and indispensable and dispensable AA, making them suitable for not 

only human consumption, but for livestock feed as well. Insect meal has been studied mainly in 

monogastric livestock species such as poultry, swine, and aquaculture diets as a replacement for 

SBM or fish meal (Veldkamp & Bosch, 2015). Although, the suitability of insects for animal 

feed varies depending on species due to variation in nutritional profile, rearing requirements, 

disease management, and functional benefits. The most common insects studied for animal feed 

include the black soldier fly (BSF), house fly, mealworms, earthworms, silkworms, Cirina forda 

(westwood), grasshoppers, locusts, and crickets (Khan, 2018).  

Makkar et al. (2014) reported the average nutrient composition of common insect species 

used for livestock feed, in their whole form. The crude protein ranges from 40%-60% dry matter 

(DM) basis, where cricket and silkworm have the highest crude protein level and black soldier 

fly larvae has the lowest. Crude fibre ranges from 3.9-8.5% DM basis where locusts and 

grasshoppers have the highest crude fibre and silkworms have the lowest. The ether extract 

(crude lipid) concentration ranges between 17-26% DM basis; however, the mealworm reaches 

36% and locusts and grasshoppers only amount to 8.5%. Likewise, mealworms have the highest 

gross energy, and locusts and grasshoppers have the lowest (5200-6400 kcal/kg DM basis). 

Essential minerals such as calcium and phosphorus range from 0.27-1.0 % DM and 0.6-1.6% 

DM, respectively, with the exception of black soldier fly larvae, that contains approximately 

7.5% DM of calcium and locusts/grasshoppers that contain negligible amounts of these minerals. 

Additionally, these common insect species contain sufficient amounts of limiting amino acids 

often identified in poultry, swine, and aquaculture diets, and could be a contributing source of 

many essential amino acids according to strain specific production guidelines (Aviagen) for 

commercial poultry species, and the NRC on the nutrient requirements for swine and for fish and 

shrimp (Aviagen, 2014; Jobling, 2011; National Research Council, 2012).  
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Insect meal can also be defatted, which alters the nutritional composition by increasing 

the protein content and reducing the ether extract content (Makkar et al., 2014).  Compared to 

SBM, the crude protein, crude fibre, calcium, phosphorus, lysine, methionine, and threonine 

contents are similar, however the ether extract is much lower (1.7% DM), the gross energy is 

lower (4705 kcal/kg DM), and arginine is higher (7.3 g/16gN) (Heuze et al., 2020).  

2.2 Black Soldier Fly Meal  

2.2.1 Production and Processing 

 The BSF is native to the southeastern part of the United States (Newton et al., 2005). 

Although it is now found worldwide and can tolerate a wide range of temperatures, it is still most 

commonly found in tropical and temperate climates (Maglangit & Alosbanos, 2021). They are 

naturally found around livestock systems and decaying organic matter as the larvae will feed on 

these substrates until they mature into adult flies (Newton et al., 2005). The mature flies do not 

have any mouthparts/digestive organs or stingers as they survive off of the nutrient stores built 

up during the larvae stage, and are therefore not considered a pest (Maglangit & Alosbanos, 

2021) and are not considered a potential disease vector (Makkar et al., 2014). 

The BSF is a productive, economical, and sustainable insect to be produced on a 

commercial scale. The total lifecycle of a BSF, from the time the eggs are laid, until the next 

generation of eggs are laid and the females expire,  given the optimal growing conditions is 

approximately 45 days (Brownell et al., 2018). The temperature should be maintained between 

29-31°C and the relative humidity should be between 50-70% (Makkar et al., 2014). The larvae 

are often harvested after only 14-16 days (Dortmans et al., 2017). During this time they consume 

large amounts of feed and can withstand high densities, producing up to 180kg of live weight 

larvae from 1m2 of space (Józefiak et al., 2016). At harvest, a small portion of the larvae will be 

kept for breeding and transferred into dark cages for approximately 15 days (Brownell et al., 

2018) to pupate into mature flies (Dortmans et al., 2017). The mature flies are then transferred 

via a light source into what is referred to as love cages. The love cages are outfitted with damp 

cloths to provide moisture and specially designed egg depositing sites containing a scented 

attractant (Dortmans et al., 2017). The mature flies breed for approximately one week and eggs 

are incubated for 3 days before the cycle begins again (Brownell et al., 2018).  
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Figure 2.2.1.1: 45-day life cycle of a black soldier fly (Adapted from: Brownell et al., 2018) 

 When the larvae are harvested, they undergo further processing to create the final 

products. Several products can be produced from black soldier fly larvae, however, the first step 

in processing should always be to kill and sanitize the insect. There are several methods for 

doing so, however the most common method is blanching (Ravi et al., 2020). This is when the 

larvae are submerged in boiling water for at least 40 seconds, resulting in the emptying of the 

gut, death of the larvae, and sanitizing the exoskeleton. It has also been identified that blanching 

results in improved digestibility of the product, and improved stability of the lipid fraction upon 

freezing (Ravi et al., 2020). Upon sanitizing, the insects are then dried, most commonly via an 

oven to obtain less than 10% moisture in the product (Dortmans et al., 2017). This prolongs the 

shelf life of the final product. The dried whole black soldier fly larvae can then be sold as a final 

product. Additionally, the whole dried larvae can be submitted to a press. This will press out the 

oil fraction where the remaining substance is then ground to separate the larvae into a meal and 

an oil, which can be sold as separate products for animal feed, human nutrition, and even some 

non-food applications such as biofuels or cosmetics (Ravi et al., 2020). The last main product 

which can be derived from BSF production is the frass. This is the organic material left over 

from the larvae production. Frass contains left over organic material, and exoskeleton, and 

wastes from the larvae and can make an effective fertilizer for commercial and household use 

(EnviroFlight LLC, 2019).  
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There are several ways that production and processing methods can influence the final 

quality and nutritional composition of the products, having implications on industry regulations 

and animal feed formulations. A major influence is the rearing substrate used in insect 

production. Insects consume biomass/organic matter for energy, which could include natural 

vegetation, food waste, or in some cases, manure from established livestock systems. The BSF 

can feed on livestock manure, reducing dry matter mass by 58%, hence also reducing the 

associated nutrients phosphorus and nitrogen, which contribute to air and water pollution (van 

Huis, 2013). However, insects reared on manure are not approved for use in animal feeds in 

many countries due to contamination and food safety concerns (Ravi et al., 2020), therefore, food 

waste is commonly used as a rearing substrate as a way of creating a sustainable circular 

economy. Globally, about 1.3 billion tons of food is wasted every year, exacerbating greenhouse 

gas emissions, and food insecurity; however, insects are able to consume wasted food and 

convert it into a high-quality feed ingredient, closing the gap in the food economy.  

 

Figure 2.2.1.2 : Circular food production cycle with insect production (Ravi et al., 2020) 

All nutritional parameters such as ash, crude protein, ether extract and fiber components 

will change based on the various types of rearing substrate provided to the insect larvae (manure, 

consumer food waste, spent grains), where consumer food waste will result in the highest crude 
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Production
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Nutrition
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protein content, and manure will result in the lowest ether extract content (Shumo et al., 2019). 

The ether extract component is the most reactive to changes in rearing substrate, where different 

types of manure will result in crude fat content ranging from 15-35%, and an oil-rich food waste 

diet will result in crude fat content ranging from 42-49% (Makkar et al., 2014).  The fatty acid 

profile will also change considerably in response to rearing substrate (Vrij, 2013).  

 Another factor influencing the nutritional composition of the BSF is the age of harvest. 

The BSF is generally harvested at the larval, or pre-pupal stage, when it has reached its peak 

nutritional profile (Liu et al., 2017). Because the mature flies survive off of nutritional stores 

built up in the larvae stage, their nutritional composition changes after the pupae stage, for 

example the BSF will increase in crude protein and decrease in crude fat content once matured 

(Liu et al., 2017).  

2.2.2 Nutrition 

Nutritionally, BSFLM is similar to SBM, making it a suitable complement or 

replacement in broiler diets, according to strain specific production guidelines (Aviagen, 2014). 

Whole (full-fat) BSFLM contains between 40-44% DM crude protein (Makkar et al., 2014). 

When defatted, the crude protein content can increase up to 65.5% DM (Schiavone et al., 2017). 

Black soldier fly larvae meal also has a high gross energy value (5278 kcal/kg DM  (Makkar et 

al., 2014)), making a good source of protein and energy in feeding programs. Residual fat in 

defatted, or partially defatted BSFLM contributes to the overall energy content. Defatting can 

decrease the crude fat content from 26% in whole BSFLM (Makkar et al., 2014) to 4.6% DM 

(Schiavone et al., 2017). Additionally, BSFLM has a high calcium content (7.56 % DM) due to 

their mineralized exoskeleton (Oonincx & Finke, 2021) and a high phosphorus content (0.9 % 

DM) which is considered to be 100% available as insects do not contain phytate phosphorus 

(Dashefsky et al., 1976; Makkar et al., 2014; Oonincx & Finke, 2021). Protein, energy, and 

phosphorus are important nutrients to consider as they often drive prices in feed formulation. 

Table 2.5.1 presents the standardized ileal digestibility of amino acids in BSFLM. Methionine 

and cysteine are the lowest of the indispensable amino acids, whereas histidine and leucine are 

the most abundant (Mwaniki & Kiarie, 2018). Black soldier fly larvae meal also contains high 

amounts crude fibre (7.0% DM (Makkar et al., 2014)) due to the binding of nitrogen and crude 

protein by chitin, an indigestible fiber found in the exoskeleton of insects, representing the fiber 
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content in BSFLM (Mwaniki & Kiarie, 2018). Insects from the Diptera order, including the BSF 

are known to contain significant amounts of chitin (Józefiak et al., 2016), most commonly 

reported between 5.0%-7.48% DM (Mwaniki & Kiarie, 2018; Schiavone et al., 2017).  

2.2.3 Functional Benefits 

 Beginning in the 1940’s, broiler producers have been using antibiotics in a preventative 

manner, to promote growth performance in their flocks (Bean-Hodgins & Kiarie, 2021). Due to 

increasing concern about antibiotic resistance in both animals and humans, governments have 

been tightening restrictions on preventative antibiotic use in the broiler industry. Currently in 

Canada, the use of common growth promoting antibiotics, category 1 and 2 (very high and high 

importance to human medicine), have been banned, and category 3 (medium importance to 

human medicine) antibiotics will be banned in the foreseeable future (Bean-Hodgins & Kiarie, 

2021). Another common use for antibiotics in the broiler industry is the use of ionophores for the 

control of coccidiosis. Coccidiosis is a common condition seen in broilers, caused by the parasite 

Eimeria. This condition can cause poor growth performance and mortality throughout a flock, 

and often leads to necrotic enteritis (Bean-Hodgins & Kiarie, 2021). Ionophores are a category 4 

antibiotic (low importance to human medicine) and are therefore still allowed in broiler 

production in Canada, however the movement towards antibiotic free poultry threatens to 

increase the cases of coccidiosis and necrotic enteritis, making it a priority to find antibiotic 

alternatives for both growth promotion and microbiome stabilization (Bean-Hodgins & Kiarie, 

2021). The microbiome refers to the microbial community within the gastrointestinal tract, 

consisting of commensal, symbiotic, and pathogenic microorganisms (Clavijo & Flórez, 2018).  

Insect meal has been proposed as an alternative to antibiotics due to presence of 

components with microbial modulation attributes, such as increasing diversity and reducing 

pathogenic microorganisms. Chitin, which is present in the exoskeleton of black soldier fly 

larvae, is an insoluble fibre, similar in structure to cellulose. Many animals lack the enzyme 

chitinase, which breaks down chitin into derivatives. Chickens, however, are thought to produce 

chitinase, and can therefore breakdown chitin to some extent (Dörper et al., 2020). It is thought 

that chitin acts as a prebiotic, and is fermented in the ceca by the gut bacteria, producing 

beneficial short chain fatty acids (SCFA) such as butyric acid, and that chitin derivatives can 

result in increased weight of immune related organs such as the spleen, bursa, and thymus, 



9 
 

indicating a beneficial effect on immune health (Dörper et al., 2020; Rimoldi et al., 2019). Chitin 

may also have antimicrobial properties against gram-negative bacteria populations such as E.coli 

(Rimoldi et al., 2019; Zhou et al., 2013). In addition, BSFLM is high in MCFA, particularly 

lauric and myristic acid. Medium-chain fatty acids are known to also have antimicrobial 

properties linked to reduced pH throughout the gastrointestinal tract, which reduce the number of 

gram-positive bacteria in the gut, such as D-streptococci (Rimoldi et al., 2019; Spranghers et al., 

2018). Diet supplementation with MCFA, butyric acid and essential oils reduced the number of 

necrotic enteritis lesions on the small intestine of broilers (Timbermont et al., 2010). Seeing as 

necrotic enteritis is one of the main concerns with antibiotic reduction in the broiler industry, 

insect meal may provide valuable functional benefits as part of a broiler diet.  

2.2.4 Cost 

 Currently, BSFLM is considered to be an option intended to remove pressure from the 

soybean and fish meal industries due to rising prices, however, this is challenging if BSFLM is 

not competitive in price to traditional sources. Feed costs in broiler operations already consist of 

60-70% of total production costs (Veldkamp, 2012), therefore poultry producers would not be 

able to profit from further feed ingredient price increases. As of April 2021, in Canada, the price 

of BSFLM was 6.43 $/kg, whereas SBM costs 0.63 $/kg (Arkell feed mill, Guelph, Ontario, 

CA). These prices are clearly unprofitable for producers, however they reflect the emerging 

BSFLM market in Canada, as well as westernized culture and attitudes towards insect 

consumption. As previously mentioned, BSF’s must be produced in consistent, tropical 

environments with warm temperatures and relatively high humidity (Makkar et al., 2014). The 

Canadian climate does not coincide with BSF production, and therefore requires expensive and 

elaborate environmentally controlled facilities (Enterra, 2021). Additionally, westernized 

countries such as those in North America are not culturally accepting of insect consumption, and 

therefore have stringent regulations on their production for use in animal feed (Enterra, 2021; 

Yen, 2009). Conversely, countries with warmer climates, where insect consumption is already 

integrated in the culture, can produce BSFLM much more profitably, without expensive 

equipment, and using livestock manure as a rearing substrate (Onsongo et al., 2018). Up to 

55.5% BSFLM replacement for SBM in broiler diets in Kenya reduced the feed cost up to 14% 

(Onsongo et al., 2018). Therefore, although BSFLM is competitive in price with SBM in parts of 

the world, it will take time for the Canadian market to develop before prices decrease. 
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2.3 BSFLM in Feed 

2.3.1 Fish 

 The incorporation of BSFLM into livestock feed has been researched in primarily 

monogastric species which are either omnivorous or carnivorous and hence known to effectively 

digest animal proteins. One of the most successful applications of BSFLM has been in 

aquaculture feed for carnivorous fish. Various studies have agreed that replacing fish meal with 

up to 100% BSFLM in carnivorous fish diets (Atlantic Salmon, European Seabass, Jian Carp, 

Rainbow Trout, and Zebrafish) has no effect on performance parameters such as body weight 

gain (BWG), feed intake (FI), or feed conversion ratio (FCR) and can therefore be considered a 

safe and effective protein alternative to fish meal. Additionally, results have agreed that there is 

little to no change observed in digestive enzymes, intestinal morphology, carcass/muscle crude 

protein or AA composition or physical fillet quality in response to BSFLM inclusion in the diet 

(Belghit et al., 2019; Magalhães et al., 2017; Renna et al., 2017; Zarantoniello et al., 2019; Zhou 

et al., 2018).  These results were studied over the full life-cycle of Zebrafish (6 months) and 

agreed that little to no change was observed (Zarantoniello et al., 2019). The authors of many 

studies also stated that the most significant effect from the BSFLM inclusion was a drastic 

change in fatty acid composition, where carcass/muscle total saturated fatty acids increased, 

polyunsaturated fatty acids decreased, and specifically, MCFA, lauric and myristic acid 

increased significantly (Belghit et al., 2019; Renna et al., 2017; Zarantoniello et al., 2019; Zhou 

et al., 2018). Further research should be conducted to determine the optimal fatty acid 

composition in fish by manipulating the rearing substrate fed to the black soldier fly larvae.  

Rawski et al. (2020) observed different results with BSFLM inclusion in aquaculture 

diets where up to 30% full-fat BSFLM was included in the diet, replacing up to 61.3% of fish 

meal in Siberian Sturgeon diets. Improved performance parameters were observed through 

increased BWG and improved FCR while the FI and total tract digestibility of crude protein and 

crude fibre remained unchanged (Rawski et al., 2020). The authors suggested that the improved 

performance could be due to the functional attributes of the BSFLM, where chitin could provide 

microbiome stabilization and the increase in lauric acid from the full-fat insect product could 

lead to immune system stimulation (Rawski et al., 2020). A meta-analysis conducted by 

Weththasinghe et al. (2022) looked at various studies which included BSFLM in salmonid diets. 

Although Weththasinghe et al. (2022) also concluded that BSFLM is a promising ingredient in 
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salmonid diets, it was also noted that the variation in specific growth rate, FI, and FCR that was 

seen between studies is partially influenced by the type of protein source replaced. It was 

observed that the replacement of fish meal resulted in worse growth parameters compared to 

when plant protein sources such as SBM were replaced. These results require further 

investigation given that fish meal is a main protein source in fish diets. Due to the success 

observed in aquaculture feeding trials, BSFLM use in salmonid diets was one of the first to be 

approved by the FDA in the US (2016) and by the CFIA in Canada (2017), closely following the 

approval in broiler chickens (Koeleman, 2017).  

2.3.2 Swine 

 The application of BSFLM in swine diets has also been promising, however, the 

literature in swine is currently limited compared to aquaculture and poultry. Reminiscent of the 

aquaculture studies, BSFLM has been included at various levels from partial to complete 

replacement of fish or SBM in piglet, weaned pig, and growing pig diets. Results are in 

agreement that partial to complete replacement of fish meal or SBM does not affect performance 

parameters (BWG, FI, FCR) of swine, nor does it affect nutrient digestibility, intestinal 

morphology, or blood serum parameters (Biasato et al., 2019; Driemeyer, 2016; Spranghers et 

al., 2018).  

Spranghers et al. (2018) observed the increase in lauric acid inhibited the growth of D-

streptococci in an in vitro setting, noting that the MCFA in BSFLM could have potential health 

benefits in swine. Additionally, Chia et al. (2021) replaced 0, 25, 50, 75, and 100% of fish meal 

with BSFLM in male and female grower pigs, and observed improved BWG and FCR in the 50, 

75, and 100% diets, with no associated change in FI, along with improved carcass traits. The 

authors suggested that the improvement in performance could be the result of optimal nutrient 

composition and digestibility of the BSFLM. Tansil (2021) also agreed that no change in body 

weight (BW) results from 6.3, 12.5, and 18.5% inclusion of BSFLM in growing pig diets, but 

that the metabolic availability of the limiting amino acid, methionine, is only 53.33% (APE 

metric), and therefore swine diets should still be supplemented with DL-methionine and further 

studies should be conducted to assess the true quality of protein of BSFLM. Crosbie et al. (2021) 

replaced 25 and 50% of the animal protein sources in weaned pig diets with full fat BSFLM, 

with a negative and positive control to test immune parameters. The authors reported that the 
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25% treatment resulted in a higher BW than the 50% treatment, with both the negative and 

positive control treatments being intermediate on d 7. The average daily feed intake (ADFI) in 

phase 2 was also lower for the positive control and the 50% diet, and higher for the negative 

control and the 25% diet. The gain:feed ratio in phase 2 was also lowest for the negative control 

compared to all other treatments. The authors also reported no change in organ or intestinal 

morphology, and no change in immune responses, and therefore, agreed that BSFLM can replace 

up to 50% of the animal protein sources in swine diets without adverse effects (Crosbie et al., 

2021). Despite the successful research on swine applications to date, BSFLM has not yet been 

approved by the FDA or CFIA for use in swine diets (Enterra Corporation, 2022; Enviroflight, 

2022).  

2.3.3 Poultry 

2.3.3.1 Laying hens 

 Although the literature is extensive on BSFLM use in poultry, the literature does not have 

unanimous results like in the case of aquaculture or swine. Cutrignelli et al. (2018) completely 

replaced SBM with BSFLM in laying hen diets (wk 24-45) and observed decreased BW, FI, 

protein digestibility and villi height (VH): crypt depth (CD) ratio, with higher incidence of a full 

digestive tract. These results could indicate poor digestibility and utilization of the BSFLM. 

Although, there was also an observed increase in beneficial volatile fatty acids including acetate 

and butyrate, supporting the thought that chitin acts as a prebiotic and supports a healthy gut 

microbiome. Ultimately the authors suggested further studies are required (Cutrignelli et al., 

2018). Conversely, Mwaniki et al. (2020) also observed complete replacement of SBM with 

BSFLM in laying hens (wk 28-43) and observed a linear increase in BW, and a linear decrease in 

egg weight, with no other changes to performance, egg quality or organ weights, except an 

enhancement of yolk color and a linear increase in liver weight. Despite the conflicting 

performance results, both Mwaniki et al. (2020) and Cutrignelli et al. (2018) suggest further 

research is required at this inclusion level of BSFLM in laying hen diets.  

There have been several other studies conducted with positive results, which use lower 

inclusion levels of BSFLM ranging from 2-25% inclusion in the diets to replace SBM. The 

authors of multiple studies reported no change in BW, FI, or FCR, with either no change, or 

positive changes to the egg quality, including improved shell breaking strength, shell thickness, 
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shell weight, overall shell percentage, and a widely accepted enhancement of yolk color (Dalle 

Zotte et al., 2019; Heuel et al., 2021; Mwaniki et al., 2018; Park et al., 2021). It is thought that 

the observed improvement in shell quality is due to improved calcium metabolism, as BSFLM 

contains high levels of calcium due to their mineralized exoskeleton (Mwaniki et al., 2018; 

Oonincx & Finke, 2021). Mat et al. (2021) included BSFLM in the diet of Japanese quails up to 

25% and reported decreased FI accompanied by an increase in BW and an improvement in FCR. 

It was also reported that egg weight and the number of eggs produced increased. The authors 

suggested that this positive result is due to the increased energy content of BSFLM diets and 

enhanced nutrient utilization.  

The authors of several more studies suggested that the fatty acid composition of the egg’s 

changes with BSFLM inclusion, by increasing saturated fatty acids and monounsaturated fatty 

acids, specifically via increased lauric, myristic, and palmitic acid, and decreasing 

polyunsaturated fatty acids. Although the increase in MCFA could provide beneficial 

antimicrobial properties to the birds, it is not considered optimal from a consumer acceptance 

point of view due to the reduction in PUFA, and therefore it is suggested that further research is 

done to optimize the fatty acid composition of eggs produced from laying hens fed BSFLM 

(Dalle Zotte et al., 2019; Park et al., 2021). Overall, it appears that inclusion levels below 25% 

BSFLM in laying hen diets are successful and do not negatively impact performance or egg 

quality.  

2.3.3.2 Broilers 

 The inclusion of BSFLM in broiler diets has led to inconsistent results. Table 2.5.2 

summarizes the growth performance results of several key studies. Inclusion levels have been 

attempted from 100% replacement of the protein sources to 4% supplementation of BSFLM, and 

research is not consistent on the effectiveness of BSFLM as a feed ingredient. Based on average 

BW, FI, and FCR, no change has been identified in broiler performance when supplementing up 

to 4% full fat BSFLM (Mohammed et al., 2017), 15% full fat BSFLM (Onsongo et al., 2018; 

Pieterse et al., 2019), and even 100% replacement of SBM with defatted BSFLM (Gaffigan, 

2017). Given isocaloric diets, balanced for AME and crude fat, Cockcroft (2018) identified no 

change in performance with 15% inclusion of defatted BSFLM, yet an improvement in 

performance with 15% inclusion of full fat BSFLM. Additionally, the authors from other studies 
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have observed an improvement in growth performance when feeding up to 20% inclusion of full 

fat BSFLM (de Souza Vilela et al., 2021), and 50% replacement of SBM with partially defatted 

BSFLM, yet only when the diet was also supplemented with additional amino acids (Met, Lys, 

Thr, Arg, Val) (Velten et al., 2018). When 50% replacement of SBM with BSFLM was included 

with the standard level of amino acids in a commercial broiler diet, there was a decrease in BW 

and FI and an increase in FCR observed (Velten et al., 2018). Likewise, worsened growth 

performance has been observed with up to 100% replacement of SBM with full fat BSFLM 

inclusion with recommendations to not exceed 50% replacement of SBM with full fat BSFLM 

inclusion (Murawska et al., 2021), and up to 15% defatted BSFLM inclusion with 

recommendations to not exceed 10% inclusion (Dabbou et al., 2018; Schiavone et al., 2016).   

Other than performance parameters, the current literature has seemed to focus heavily on 

carcass and meat quality parameters. There has been observed decreased carcass and 

breast/muscle weight, with an increase in abdominal or breast fat content with up to 15% 

defatted or full fat BSFLM inclusion (Pieterse et al., 2019; Schiavone et al., 2016), and 20% full 

fat BSFLM inclusion (Murawska et al., 2021), yet without any other changes to meat quality 

(Onsongo et al., 2018; Pieterse et al., 2019; Schiavone et al., 2016). Schiavone et al. (2016) noted 

an increase in monounsaturated fatty acids, including significant increases in MCFA (lauric, 

myristic acid), and a decrease in polyunsaturated fatty acids in the breast meat, whereas 

Murawska et al. (2021) noted adverse changes to breast meat sensory characteristics including 

increased pH, and a darkened appearance with more red and yellow hues.  It was also noted that 

there was an increase in lesions present on the muscle, and decreased muscle fiber diameter. On 

the other hand, it was observed that 4% full fat BSFLM inclusion resulted in increased carcass 

dressing percentage (Mohammed et al., 2017), and that 15% full fat BSFLM inclusion resulted in 

increased carcass and thigh weight, increased protein percentage in the muscle, and increased 

tibia weight and breaking force despite lower calcium, phosphorus, and potassium percentage in 

the tibia (Cockcroft, 2018). According to Cockcroft  (2018), the full fat BSFLM product resulted 

in better carcass and meat quality compared to the defatted BSFLM product, suggesting that full 

fat BSFLM inclusion ≤15% could be effectively integrated into broilers diets without 

significantly affecting carcass and meat quality. Additionally, the changes in fatty acid 

composition observed by Schiavone et al. (2016) agree with the findings observed in egg quality 

in laying hens. Authors which reported intestinal morphology have agreed that 15% inclusion 
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and 50% replacement of SBM with defatted BSFLM resulted in decreased VH, CD, and the 

muscularis thickness throughout the intestinal tract (Dabbou et al., 2018; Velten et al., 2018). 

Given the effects on intestinal morphology and muscle quality, it is speculated that despite an 

increase in protein content in defatted meal vs full-fat meal (Mwaniki & Kiarie, 2018), the 

overprocessing (heat treatment, enzymes, etc.) of the meal during the defatting process causes 

reduced bioavailability of nutrients (Cockcroft, 2018).  

 Furthermore, no difference in organ histology or weights have been observed with below 

15% inclusion of BSFLM (Dabbou et al., 2018; Mohammed et al., 2017; Onsongo et al., 2018; 

Velten et al., 2018). However, an increase in liver weight was observed with 75% replacement of 

SBM with BSFLM (Murawska et al., 2021).  There was also little change observed in blood 

parameters. de Souza Vilela et al. (2021) reported a decrease in lymphocytes with increasing 

levels of full fat BSFLM up to 20% inclusion on d 21, but no change in lymphocytes on d 49. 

The authors suggest that the increase in MCFA in the BSFLM provides antimicrobial effects 

which lessens the need for lymphocytes in the body, and therefore has a positive impact on the 

immune system. The lesser need for lymphocytes is indicative of a reduced weight of the 

thymus, contradicting the increased weight of immune related organs seen in response to chitin 

inclusion (Dörper et al., 2020). The effect of BSFLM inclusion on immune related organs 

warrants further investigations.   

 The inclusion of BSFLM in broiler diets has given rise to variable and inconsistent results 

at different inclusion levels. Further research should be done on partial to complete replacement 

of SBM with BSFLM in broiler diets, and the ensuing effects on nutrient metabolism and 

utilization. 

2.4 Summary 

Increasing market volatility and increasing restrictions on antibiotic use in livestock feed 

is creating a need for more multifaceted protein alternatives available for use in feed 

formulations. Insects can provide animal nutritionists with high-quality protein options as a 

compliment in balanced feeding programs. Black soldier fly larvae meal has proven to be 

efficient in a commercial production environment, which can aid in mediating the global food 

waste crisis. Black soldier fly larvae meal also contains functional properties which can help 

support healthy gut and immune function. Although BSFLM shows promising results in 
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aquaculture and swine feeding programs, there are gaps in the literature pertaining to poultry 

feeding programs. Results have been inconsistent as to the effects resulting from various levels 

of BSFLM inclusion. Therefore, there is a need for a comprehensive examination of partial to 

complete replacement of SBM with BSFLM to distinguish at what inclusion levels growth 

performance begins to suffer. Furthermore, a comparison with AGP diets would be beneficial to 

further examine the effect of improved performance from BSFLM, and to identify the 

effectiveness of BSFLM as a tool to reduce the dependency on antibiotics in feeding programs. 

Additionally, questions have been raised on the bioavailability of nutrients in BSFLM, and the 

impact this has on metabolism and the subsequent changes to intestinal morphology and organ 

health, particularly with high amounts of BSFLM inclusion. Therefore, to further establish 

BSFLM as a viable alternate protein and energy source in broiler feeding programs, a more 

robust understanding of the effects from BSFLM inclusion on broiler chickens need to be 

developed and understood and various inclusion levels.   
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2.5 Tables 

Table 2.5.1: Standardized ileal digestibility and standardized ileal digestible content of defatted 

black soldier fly larvae meal fed to broiler chickens (Mwaniki & Kiarie, 2018) 

  Standardized Digestibility (%) Standardized Digestible Content (%) 

CP 84.60 47.50 

Indispensable AA     

Arg 92.00 2.56 

His 61.00 3.45 

Ile 89.60 2.19 

Leu 88.90 3.48 

Lys 86.30 2.85 

Met 88.70 0.82 

Phe 89.70 1.95 

Thr 85.50 1.98 

Val 88.60 3.07 

Dispensable AA     

Ala 88.70 3.46 

Asp 80.90 4.26 

Cys 72.80 0.30 

Glu 88.30 6.04 

Gly 78.30 2.40 

Pro 90.10 3.08 

Ser 87.30 2.24 

Tyr 88.80 2.52 
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Table 2.5.2: Summary of key studies – BSFLM in broiler feeding programs 

Author Diet Treatment 

Trial 

length 

Av BW (g) (end of trial) Av FI  (g/d) (end of trial) Av FCR (g/g)  (overall) 
Conclusions 

Control BSFM Control BSFM Control BSFM 

De Souza Vilela et 

al (2021) 

0, 5, 10 ,15, 20% 

inclusion of full 

fat BSFLM 

d 2-42 ~ 3075.0 

5%: ~3050.0 

10%: ~3075.0 

15%: ~3150.0 

20%: ~3250.0 

~88.8 

5%: ~88.1   

10%: ~87.5 

15%: ~86.3 

20%: ~84.4 

~1.6 

5%: ~1.6   

10%: ~1.6 

15%: ~1.5 

20%: ~1.4 

BSFM can be used 

up to 20% 

inclusion with 

observed 

improvement in 

growth 

performance and 

immune 

parameters  

Murawska et al 

(2021) 

0, 50, 75, 100% 

replacement of 

SBM with full fat 

BSFLM 

d 1-42 3046.0 

50%: 2727.0 

75%: 2504.5 

100%: 2378.0 

177.9 

50%: 159.9 

75%: 159.1 

100%: 142.4 

1.6 

50%: 1.6   

75%: 1.6    

100%: 1.8 

BSFM negatively 

affected growth 

performance. 

BSFM inclusion 

should not exceed 

13%.  

Cockcroft (2018) 

0, 15% inclusion 

of full fat and 

defatted BSFLM 

d 1-32 1610.5 

15% (FF): 

2046.8        

15% (DF): 

1791.9 

159.3 

15% (FF): 

169.5           

15% (DF): 

179.6 

1.7 

15% (FF):     

1.4               

15% (DF):     

1.7 

BSFM can be 

included up to 

15%. Full fat meal 

provided superior 

results.  

Dabbou et al (2018) 

0, 5, 10, 15% 

inclusion of 

defatted BSFLM 

d 1-35 2269.3 

5%: 2264.1 

10%: 2278.9 

15%: 2072.2 

176.4 

5%: 174.6  

10%: 174.3 

15%: 171.7 

1.6 

5%: 1.6     

10%: 1.6          

15%: 1.7 

BSFM improved 

BW and FI in the 

starter phase, yet 

worsened FCR in 

the later phases 

and intestinal 

morphology. 

Lower levels 

(≤10%) is 

recommended 
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Pieterse et al (2018) 

0, 5, 10, 15% 

inclusion of full 

fat BSFPM 

d  1-32 2067.5 

5%: 2092.5 

10%: 2082.5 

15%:2105.0         

BSFM can be 

included up to 

15%  

Onsongo et al 

(2018) 

0, 5, 10, 15% 

inclusion of dull 

fat BSFPM 

d 7-49 3071.0 

5%: 3182.0  

10%: 3006.0 

15%: 3033.0 

124.1 

5%: 126.2  

10%: 122.9 

15%: 119.1 

1.8 

5%: 1.8     

10%: 1.8   

15%: 1.7 

BSFM can be 

included up to 

15%  

Velten et al (2018) 

0, 50% (with and 

without extra AA 

supplementation) 

replacement of 

SBM with 

partially defatted 

BSFLM 

d 1-34 2173.7 

50% (without 

extra AA): 

1493.6         

50% (with 

extra AA): 

2319.9 

145.0 

50% (without 

extra AA): 

124.8           

50% (with 

extra AA): 

138.0 

1.4 

50% 

(without 

extra AA): 

1.7 50% 

(with extra 

AA): 1.3 

BSFM inclusion 

depressed growth 

performance with 

basic AA 

supplementation, 

but significantly 

improved growth 

performance with 

extended AA 

supplementation.  

Gaffigan (2017) 

0, 100% 

replacement of 

SBM with 

defatted BSFLM 

d 49-70     ~95.3 100%: ~99.8 ~1.5 100%: ~1.4 

BSFM can be 

included up to 

100%  

Mohammed et al 

(2017) 

0, 4% inclusion of 

full fat BSFLM 
d 21-49 2193.0 4%: 2157.0 156.6 4%: 152.2 2.8 4%: 2.8 

BSFM can be 

included up to 4%. 

Schiavone et al 

(2016) 

0, 5, 10, 15% 

inclusion of 

defatted BSFLM 

d 1-35 2260.6 

5%: 2249.4 

10%: 2266.9 

15%: 2070.1 

        

BSFM can be used 

up to 10% 

inclusion  
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CHAPTER 3: Hypotheses and objectives 

 The inclusion of BSFLM in broiler diets could complement other protein sources and 

serve as an alternative protein option to decrease the reliance on traditional ingredients such as 

SBM and fish meal. Black soldier fly larvae meal could also aid in fortifying antibiotic-free diets 

via prebiotic and antimicrobial functional properties which could contribute to a healthier gut 

environment. However, before BSFLM can be effectively applied in broiler diets, the negative 

effects resulting from its inclusion must be isolated and investigated to fully understand the 

implications of feeding this ingredient.  

Hypotheses: 

1. Feeding BSFLM inclusion will promote growth performance similar to an AGP diet due 

to the prebiotic and antimicrobial effects of chitin and medium-chain fatty acids.  

2. High levels of BSFLM inclusion will depress growth performance due to decreased FI 

and impaired nutrient digestibility. 

Overall objective: To investigate the influence of partial to complete replacement of SBM with 

BSFLM in a broiler feeding program. 

Specific objectives: 

1. Determine at which BSFLM inclusion level broilers will begin to experience negative 

effects on growth performance. 

2. Examine metabolic and physiological parameters, including plasma biochemistry, SCFA 

concentrations, intestinal histology, bone health, and litter quality, to determine the cause 

of depressed growth performance in broilers fed BSFLM.  
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CHAPTER 4: Impact of complete replacement of soybean meal with black soldier fly 

larvae meal in broiler chicken feeding program on growth performance, organ weights, 

breast meat attributes, and feed cost 

 

4.1 Abstract  

Black soldier fly larvae meal (BSFLM) is an appealing alternative protein, characterized 

by good nutritional quality and additional functional attributes. However, there is limited data on 

the inclusion of BSFLM in broiler rations from placement through to market weight. Therefore, 

we examined the influence of partial to complete replacement of soybean meal (SBM) with 

BSFLM in a broiler feeding program. A total of 1,152 d-old male Ross×Ross 708 chicks were 

allocated to 48 pens and assigned one of six diets in a randomized complete block design (n=8). 

The diets were a basal corn-SBM diet (0%BSFLM) fed with or without coccidiostat and 

antibiotic (AGP) and four BSFLM diets in which SBM was replaced with 12.5%, 25%, 50%, and 

100% BSFLM. Body weight (BW), feed intake (FI), BW gain (BWG), and mortality-corrected 

feed conversion ratio (FCR) were reported on a per pen basis. Organ weights were recorded on d 

24 and 49 and breast muscle attributes on d 49. The cost-benefit ratio (CBR) was calculated 

based on feed prices and farm-gate live-prices. On d 10, birds fed diets 12.5, 25 and 0+AGP had 

higher (P<0.01) BWG than birds fed diets 0, 50, and 100, however, birds fed diet 100 had lower 

(P<0.01) BWG than birds fed diets 0 or 50. Birds fed diets 50 and 100 had lower (P<0.05) BWG 

than birds fed other diets on d 24 and 49. Overall (d 0-49), BSFLM linearly decreased BW, 

BWG, and FI (P<0.01) and increased FCR and mortality (P<0.01). On d 24 and 49 an increase 

(P<0.01) in gizzard, small intestine, pancreas, and liver weight was observed with increasing 

BSFLM inclusion. The CBR decreased linearly (P<0.01), where diets 50 and 100 were found not 

to be profitable. The data indicated that birds fed lower levels of BSFLM (12.5 and 25) could 

provide some growth-promoting effects commensurate to antibiotics in the starter phase. 

However, replacing SBM with greater amounts (≥50) of BSFLM reduced growth, profitability, 

and increased organ size.  

Keywords: Broiler chickens, Black Soldier Fly Larvae Meal, Growth Performance 
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4.2 Introduction  

Black soldier fly larvae meal (BSFLM) has been identified as a possible protein and 

energy source in broiler diets as a replacement for common plant proteins, such as soybean meal 

(Makkar et al., 2014). The BSFLM contains high amounts of protein, fat, apparent metabolizable 

energy (AME), phosphorus, and fiber (Mwaniki & Kiarie, 2018). As part of the fat and fiber 

components, BSFLM also contains high concentrations of chitin and medium-chain fatty acids 

(MCFA), such as lauric and myristic acid, which are thought to improve both gut and immune 

health in broilers through prebiotic and antimicrobial properties (Dörper et al., 2020). These 

properties could reduce the reliance on antibiotics and coccidiostats in the poultry industry 

(Bean-Hodgins & Kiarie, 2021). In addition to the nutritional and functional benefits of BSFLM, 

its use in broiler feed could help to reduce the environmental footprint of poultry feed production 

and close the gap in a circular food economy (Barrera & Hertel, 2021) as black soldier fly larvae 

consume food waste and convert it into high-quality protein and energy (Ravi et al., 2020).  

However, the use of BSFLM in broiler diets is not yet widely understood, as the current 

literature reports inconsistent results. Authors that observed BSFLM levels below ~30% 

replacement of SBM saw no change or improved growth performance, including BW, FI, and 

FCR (Cullere et al., 2016; Dabbou et al., 2018; de Souza Vilela et al., 2021; Onsongo et al., 

2018; Schiavone et al., 2019). However, studies that implemented BSFLM levels above ~30% 

replacement of SBM, more notably with levels above ~50%, saw reduced growth performance 

through lower BW, decreased FI, and worsened FCR (Dabbou et al., 2018; Murawska et al., 

2021; Onsongo et al., 2018; Schiavone et al., 2019; Velten et al., 2018). Additionally, there are 

contested results on organ weights and organ tissue condition when BSFLM is included in higher 

amounts. Some observed no change in organ weights or organ tissue histology (Onsongo et al., 

2018; Schiavone et al., 2019; Velten et al., 2018), whereas Murawska et al. (2021) observed an 

increase in liver weight when replacing 75% SBM with BSFLM. Due to the variable and 

unexplained results seen in the current literature, detailed and comprehensive research is 

warranted.  

Therefore, the objective of this study was to examine the influence of partial to complete 

replacement of SBM with BSFLM in a broiler feeding program on growth performance. The 

hypothesis of the study was that broilers will experience a quadratic effect on growth 

performance where (1) feeding BSFLM will promote growth similar to an AGP diet via prebiotic 
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and antimicrobial effects from chitin and medium-chain fatty acids present in BSFLM, and 

where (2) high levels of BSFLM will depress growth performance due to decreased FI and 

impaired nutrient digestibility 

4.3 Materials and Methods  

Animal care and use protocols are approved by the University of Guelph Animal Care 

and Use Committee (AUP#4403) and birds were cared for in accordance with the Canadian 

Council on Animal Care guidelines (Canadian Council on Animal Care, 2009). 

4.3.1 Birds and Housing 

A total of 1,152 d old (male) Ross x Ross 708 broiler chicks were obtained from a 

commercial hatchery (Maple Leaf Foods, New Hamburg, ON, Canada). The chicks were 

allocated to 48-floor pens (24 birds per pen) according to hatch weight, to ensure an equal 

distribution of weight in each pen. The pens were located in four separate environmentally 

controlled rooms with 12 pens each, providing 46 sq ft of area per pen and fresh wood shavings. 

The room temperature was set to the breeder recommendation of 32°C on d 0 and gradually 

decreased to 27°C by d 17 (Aviagen, 2014). Birds were exposed to fluorescent lighting with 23 

hr of light (20+ lux) for the first 4 days and then a 16 light: 8 dark (10-15 lux) light cycle for the 

remainder of the experiment in accord with Arkell Poultry Research Station standard operating 

procedures. 

4.3.2 Experimental Diets 

Partially defatted BSFLM (12.7 % crude fat and 52.5% crude protein, as-fed) and black 

soldier fly larvae oil (BSFLO) were obtained from a commercial manufacturer and vendor 

(Enterra feed Corp., Vancouver, BC, Canada). The meal was a dry, ground product derived from 

black soldier fly (Hermetia illucens) larvae reared on pre-consumer recycled food collected from 

local farms, food processors, and grocery stores. Coefficients for standardized ileal (SID) amino 

acids digestibility and AME values for BSFLM were from published literature (de Marco et al., 

2015; Mwaniki & Kiarie, 2018; Schiavone et al., 2017) and the other feedstuffs from Evonik 

Aminodat 5.0 for diet formulation (Evonik Nutrition & Care GmbH, 2016). The AME value of 

BSFLO was assumed to be equivalent to that of soybean oil (SBO) (Heuel et al., 2021; Kim et 

al., 2020). Diets were formulated for a 3-phase feeding program: Starter; d 0-10, Grower: d 11-

24, and Finisher; d 25-49 (Table 4.7.1, 4.7.2, 4.7.3) and met or exceeded nutrients specifications 

for Ross x Ross 708 (Aviagen, 2014). In each phase, a 0%BSFLM corn-soybean meal-SBO diet 
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was formulated with no prebiotic, probiotic, anticoccidial, or antimicrobial growth-promoting 

substances. Four BSFLM diets were formulated by replacing SBM in the 0%BSFLM diet with 

12.5, 25, 50, and 100% BSFLM. The 0%BSFLM diet was fed with or without (AGP) 

coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and 

antibiotic growth promoter (BMD® 110 G, 55 mg Bacitracin Methylene Disalicilate/kg, Zoetis 

Canada Inc., Kirkland, QC). The control diets used SBO and the BSFLM diets used BSFLO for 

energy fortification. The diets were prepared in mash form. Samples of the experimental diets, 

BSFLM, SBM, BSFLO, and SBO were collected and immediately shipped for laboratory 

analyses and another portion was stored at -20℃ for future analyses.  

4.3.3 Experimental Procedures 

The six diets were allocated to 48-floor pens in a completely randomized block (room) 

design and fed for 49 days. Birds had free access to water via nipples and feed via feeders 

throughout the experiment. The BW and FI were recorded at the end of each phase (d 0, 10, 24, 

and 49) on a per pen basis, and mortalities were recorded throughout the trial for calculation of 

mortality corrected FCR. The BWG was calculated from recorded BW on a per pen basis. On d 

24 and 49, two birds per pen were randomly selected and sacrificed via cervical dislocation for 

gizzard, small intestine, pancreas, spleen, liver, and bursa weights. Additionally, on d 49, the left 

breast was weighed and recorded from 2 birds per pen for calculation of total breast yield. Total 

breast yield was calculated by doubling the left breast weight (breast weight*2), then was 

averaged between the two birds. The left breast from one bird per pen was scored for woody 

breast and white striation both visually and by palpations (Barbut, 2019).  

4.3.4 Sample processing and laboratory analyses 

The BSFLM, SBM, and diet samples were finely ground (CBG5 Smart Grind, Applica 

Consumer Products Inc., Shelton, CT) and thoroughly mixed for analysis. Samples were 

submitted to a commercial lab (SGS Canada Inc, Guelph, ON, Canada) for dry matter, crude 

protein, crude fat, starch, and minerals analyses (AOAC International, 2005; Methods 930.15, 

935.11, 920.39, 920.40, 935.12). Feed samples were analyzed for gross energy (GE) using a 

bomb calorimeter (IKA Calorimeter System C 6000; IKA Works, Wilmington, NC). Neutral 

detergent fiber (NDF) concentrations were determined using ANKOM 200 Fibre Analyzer 

(ANKOM Technology, Fairport, NY) using the methodology described by Van Soest et al. 

(1991). Chitin concentration was determined in the BSFLM sample by obtaining residue from 
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the acid detergent fibre (ADF) procedure (Ankom 200 fiber analyzer), then determining ash 

concentration (in duplicate) of a portion of the residue and nitrogen concentration (estimated 

crude protein by multiplying nitrogen (N)*6.25) using CNS-2000 carbon, nitrogen, sulfur 

analyzer (Leco corporation) from the remaining portion of residue. Chitin was then calculated by 

subtracting the ADF-linked protein from the ash-free ADF (ash-free ADF – ADF-linked protein) 

(Marono et al., 2015). Fatty acids concentration in BSFLO and SBO samples was determined in 

a commercial lab (Activation Laboratories, Ancaster, ON) according to O’Fallon et al. (2007). 

The BSFLM, SBM, and diet samples were also analyzed for the amino acid profile using 

ultra-performance liquid chromatography (UPLC; Waters Corporation, Milford, MA, USA). 

Amino acid content, except Cys, Met, and Trp, were determined using acid hydrolysis. In brief, 

~0.1 g of sample and 5 mL of 6 N hydrochloric acid (HCl)-phenol solution were added to glass 

digestion tubes. The tubes were flushed with nitrogen gas, sealed, and digested at 110°C for 24 

h, after which samples were removed from the digestion block and cooled to room temperature. 

Samples were then mixed with 1 mL of internal norvaline standard (5mM) after which 1 mL 

aliquots of each sample were transferred to microcentrifuge tubes and stored at -20 °C until 

analysis. Before UPLC analysis, samples were thawed and neutralized by mixing 120 μL of the 

sample with 100 µL of NaOH (6N) and 400 μL of deionized water. Sulfur AA (Cys and Met) 

were determined using oxidative hydrolysis. In brief, ~0.1 g of sample and 2.5 mL of ice-cold 

oxidation solution (9:1 ratio of phenolic formic acid (88%) and 30% hydrogen peroxide, 

respectively) were added to glass digestion tubes, capped loosely, placed in an ice-water bath, 

and stored for 18-20 h in a fridge. Samples were removed from the fridge and 0.4 mg of sodium 

metabisulfite (Sigma, Oakville, ON, Canada) was added to each sample. Samples were rested for 

2 h with occasional mixing to decompose excess performic acid. After 2 h, 2.5 mL of 

concentrated HCl (12 N) was added to each sample, tubes were flushed with nitrogen gas, sealed, 

and digested at 110 °C for 24 h, after which samples were treated as previously stated. Before 

UPLC analysis, samples were thawed and neutralized by mixing 100 μL of the sample with 160 

µL of NaOH (6N) and 400 μL of deionized water. Tryptophan was determined using alkaline 

hydrolysis. In brief, ~0.1 g of sample and 2.5 mL of 6N NaOH were added to glass digestion 

tubes. Tubes were flushed with nitrogen gas, sealed, and digested for 20 h at 110 °C, after which 

samples were removed from the digestion block and cooled to room temperature. In an ice-cold 

water bath, 7.5 mL of 1% phenolic-HCl (2N) and 1 mL of internal norvaline standard (5 mM) 
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were added to each sample and gently mixed. After mixing, 500 μL of the sample was mixed 

with 500 μL of deionized water in a microcentrifuge tube and stored at – 20 °C until further 

analysis. Amino acid standards and samples were derivatized using an AccQ-Tag Ultra 

derivatization kit (Waters Corporation, Milford, MA, USA). Derivatized AA (1 μL injection 

volume) were separated in a column (2.1 × 200 mm, 1.7 μL) maintained at 55°C using UPLC 

with ultraviolet detection at a wavelength of 260 nm. Amino acid peak areas were compared with 

the calibration standard and analyzed using Waters Empower 2 Software (Waters Corporation, 

Milford, MA, USA). 

4.3.5 Calculations and Statistics  

Mortality corrected FCR is an adjusted FCR value which accounts birds removed from the 

pens throughout the trial. Correcting the FCR values for mortalities takes into consideration the 

lost BW from each pen, allowing for a more accurate average BW per bird. Mortality corrected 

FCR is calculated by first subtracting the average BW from the dead BW from the pen in 

question and adding the result from each mortality which occurred in that pen in each phase to 

obtain the mortality gain per pen in each phase. The mortality gain is then added to the starting 

BWG (STBWG) which is calculated by subtracting the previous phase’s ending BW per pen, 

from the current phase’s ending BW per pen. The total FI (TFI) is then divided by this result 

(STBWG + mortality gain). The equations used for mortality corrected FCR are as follows: 

1. Mortality Gain = [(deadBW1 – average BW per bird) + (deadBW2 – average BW per 

brid) + …] 

2. STBWG = (starter BW per bird * number of birds per pen at the end of the starter 

phase) – (placement BW per bird * number of birds per pen at placement) 

3. Mortality corrected FCR = TFI / (STBWG + mortality gain) 

 

Each diet was analyzed for economic practicality. Although feed costs are the only variable 

parameter in the cost of production calculation, the price of the chicks, sourced from the Chicken 

Farmers of Ontario (2021), was added to the feed cost as a base yardage value to account for the 

remaining costs associated to production. This avoids inflation of results and provides a more 

accurate representation of production costs for producers. The feed cost was calculated using the 

price ($/kg) of each ingredient based on data from February 2021, Ontario, Canada (Arkell Feed 

mill), and used to determine the total price of each experimental diet by phase. The farm-gate 
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minimum live price was based on live slaughter weight (kg) price categories from April 2021, 

Ontario, Canada (Chicken Farmers of Ontario, 2021). With this data, the total cost of production 

per bird ($/kg), revenue per bird ($/kg), gross profit margin ($/bird) and CBR per bird was 

calculated using the following equations: 

1. Overall cost of feed consumed = Σ((cost of feed by phase × (feed consumed by phase per 

pen / # of birds in pen)) 

2. Cost of production = Overall cost of feed consumed + Chick cost 

3. Revenue = Live price × Average BW per pen on d 49 

4. Gross profit margin = Revenue – Cost of production 

5. CBR = Revenue / Cost of production 

 

The CBR is a measurement indicating the value of a project, where a result above 1 indicates 

that the benefits out-weight the costs and therefore the project is profitable. In other words, with 

a result above 1, the producers will profit from feeding the associated diet.  

All the data were analyzed with the following statistical model using the SAS Studio 

OnDemand for Academics software (2022): 

𝑌 =  𝜇 +  𝑡𝑟𝑚𝑡𝑖 +  𝑏𝑙𝑜𝑐𝑘𝑗 +  𝑒𝑖𝑗 

where Y represents the resulting data, for example, BWG, µ is the mean of the given 

observations (fixed effect), 𝑡𝑟𝑚𝑡𝑖 is the effect of the inclusion level of BSFLM (fixed effect), 

𝑏𝑙𝑜𝑐𝑘𝑗  is the effect of block design, hence the variation between the four rooms (random effect), 

and 𝑒𝑖𝑗  accounts for the experimental error (random effect). The Proc Glimmix procedure was 

used to obtain the LS means and Turkey Kramer’s test was applied. The Proc IML procedure 

was used to obtain contrast coefficients (SAS Institute Inc, 2022). Coefficients were used in 

contrast statements applied to the 0%BSFLM diet without AGP and BSFLM diets to identify 

linear and quadratic trends resulting from the BSFLM inclusion. A P-value of 0.05 was 

considered significant. 

4.4 Results  

4.4.1 Analyzed Chemical Composition 

Table 4.7.4 presents the analyzed nutrient composition of BSFLM and SBM samples 

used in the present study. Black solider fly larvae meal had a greater concentration of crude 
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protein, crude fat, phosphorous, calcium, magnesium, and sodium on a DM basis. The BSFLM 

also had a greater concentration of starch and NDF than SBM, whereas SBM had a greater 

concentration of potassium. Additionally, of the indispensable amino acids, BSFLM had greater 

concentration of His, Val, and Met, whereas SBM was greater in Arg and Trp. Of the 

dispensable amino acids, BSFLM was greater in Ala, Gly, and Pro, and SBM was greater in Asp, 

Cys, and Glu. The fatty acid profile of BSFLO and SBO are presented in table 4.7.5. The BSFLO 

and SBO had some key differences in fatty acid profile, where BSFLO had greater total saturated 

fats and MCFA such as lauric and myristic acid, as well as palmitic and palmitoleic acid. 

Conversely, SBO contained higher PUFA such as stearic, linoleic, and linolenic acid.  

Tables 4.7.6, 4.7.7, and 4.7.8 present the analyzed nutrient composition of the 

experimental diets across each phase. No difference was seen between treatment diets for gross 

energy, crude protein, or crude fat; however, dry matter, starch, and NDF increased with the 

level of BSFLM, and potassium decreased. As expected, crude protein decreased, and starch 

increased from the starter through to the finisher phase.  

Tables 4.7.6, 4.7.7, and 4.7.8 also present the amino acid concentrations in the starter, 

grower and finisher phases respectively. Key indispensable amino acids (Lys, Met, Met + Cys) 

were balanced in the feed formulations, and most amino acid concentrations met or exceeded the 

Aviagen nutrient specifications on a digestible basis, however there were several amino acids 

concentrations which fell below the requirement. According to Aviagen (2014) the digestible 

requirement of Arg in the starter, grower, and finisher phases respectively are 1.37%, 1.23%, and 

1.09%. All of the analyzed Arg feed concentrations were below the recommended requirement, 

and hence deficient. The digestible requirement for Lys in the starter, grower, and finisher phases 

respectively are 1.28%, 1.15%, and 1.02%. In each phase, diet 0 and 12.5 fell below the 

recommended requirement. The digestible requirement of Thr in the starter, grower and finisher 

phases respectively are 0.86%, 0.77%, and 0.68%. Thr was deficient for diets 0, 25, and 50 in the 

starter phase, and diets 0, 12.5, and 50 in the grower phase. The digestible requirement of Val in 

each phase is 0.96%, 0.87%, and 0.78% respectively. Val was deficient in diets 0, 12.5, and 25 in 

the starter phase, all diets in the grower phase, and diets 0 and 12.5 in the finisher phase. Lastly, 

the digestible requirement for Ile in the starter, grower, and finisher phases respectively are 

0.86%, 0.78%, and 0.70%. The Ile concentration fell below the requirement in diets 12.5, 25, and 

100 in the starter phase, diets 0 and 100 in the grower phase, and diets 25, 50, and 100 in the 
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finisher phase. The discrepancies in the amino acid deficiencies among diet treatments may 

partially be due to error in the analysis procedure, however patterned deficiencies such as in the 

case of Arg and Lys are notable.  

4.4.2 Growth Performance 

Table 4.7.9 presents growth performance results for the starter, grower, and finisher 

phases. On d 0-10, BW decreased linearly and quadratically (P<0.01) as the level of BSFLM 

increased. A quadratic decrease occurred where birds fed diets 12.5 and 25 had higher (P<0.01) 

BW than diets 0, 50, and 100, and a linear decrease occurred where diet 100 resulted in lower 

(P<0.01) BW than diets 0 and 50. Compared to the 0+AGP diet, diets 12.5 and 25 were not 

significantly different, whereas diets 0, 50, and 100 were lower. The BWG during the starter 

phase had the same results as BW. The FI also decreased linearly and quadratically (P<0.01) as 

the level of BSFLM increased, where birds fed diets 0, 12.5, 25, and 50 had higher (P<0.01) FI 

than birds fed diet 100, and diet 12.5 was significantly higher than diets 50 and 100. Compared 

to the 0+AGP diet, every other diet treatment except for diet 100 was not significantly different. 

The FCR was lowest (P<0.01) for diets 0+AGP and highest (P<0.01) for diets 0 and 50, while all 

other treatments were intermediate. There was no difference in morbidity between diet 

treatments. 

On d 24, BW decreased linearly and quadratically (P<0.01) as the level of BSFLM 

increased, where diets 0, 12.5, and 25 were higher (P<0.01) than diets 50 and 100. However, 

diets 12.5 and 25 were intermediate to the 0+AGP diet and diet 0. The BWG during the grower 

phase decreased linearly (P<0.01) as diets 0, 12.5, and 25 were higher than diets 50 and 100. 

Diets 0+AGP, 0, 12.5, and 25 were all statistically similar. The FI decreased linearly (P<0.01) as 

diets 0 and 12.5 were higher (P<0.01) than diet 100, and diets 25 and 50 were intermediate to 

diets 0, 12.5, and 100. The FCR increased linearly (P<0.01) and quadratically (P<0.05) as diet 

12.5 was lowest (P<0.01), diet 100 was highest (P<0.01) and all other diets were intermediate. 

The morbidity increased (P<0.01) linearly and quadratically where diet 100 was higher than all 

other treatments.  

On d 49, BW decreased linearly (P<0.01) as the level of BSFLM increased, where diets 

0, 12.5, and 25 were higher (P<0.01) than diets 50 and 100. Diet 0+AGP had comparably the 

highest BW. The BWG during the finisher phase also decreased linearly (P<0.01) as diets 0 and 

12.5 were higher (P<0.01) than diets 50 and 100, and diet 25 was intermediate. Likewise, diet 



30 
 

0+AGP was the highest (P<0.01) of all other diet treatments. The FI decreased linearly (P<0.01) 

as well, where diets 12.5 and 25 were higher (P<0.01) than diet 100. Diet 0+AGP was higher 

(P<0.01) than diets 50 and 100. The FCR increased linearly (P<0.01) where diets 0, 12.5, and 25 

were lower (P<0.01) than diets 50 and 100. The 0+AGP diet was statistically similar to diets 0, 

12.5, and 25. There was no difference in morbidity between the diet treatments.  

 Overall (d 0-49), the BWG decreased linearly (P<0.01) as birds fed diet 0, 12.5, and 25 

were higher (P<0.01) than diets 50 and 100. The 0+AGP was higher (P<0.01) than all other diet 

treatments. The overall FI also decreased linearly (P<0.01) with similar results to overall BWG, 

and overall FCR decreased linearly (P<0.01) and quadratically (P<0.05) where birds fed diets 0, 

12.5, and 50 had lower (P<0.01) FCR than diets 50 and 100, yet diets 12.5 and 25 were 

intermediate with diets 0 and 0+AGP, given that diet 0+AGP had the lowest result. Overall 

morbidity increased linearly and quadratically (P<0.01) where diet 100 had higher (P<0.01) 

mortalities compared to all other diets. The increase in mortalities in diet 100 was due to the 

increased need for euthanasia, due to mainly lameness in the form of leg problems, and 

nonuniform growth leading to more runts. Runts must be euthanized to avoid welfare issues 

when the feeders and waterers are raised according to bird growth. Diets 0, and 25 had the lowest 

mortalities.    

4.4.3 Organ Weights and Breast Meat Attributes 

Table 4.7.10 presents the organ weights, breast yield, and breast myopathy scores for the 

grower and finisher phases. At the end of the grower phase (d 24), gizzard weight quadratically 

increased (P<0.01) among the BSFLM diets, where diets 12.5 and 25 had the lowest gizzard 

weights. Small intestine weight increased (P<0.01) where 0+AGP had the lowest weight, 12.5 

and 100 had the highest weights, and all other diets were intermediate. The pancreas increased 

linearly (P<0.01), where diet 100 had the highest result, and diets 0. 12.5, 25, and 50 were 

intermediate. Diet 0+AGP had a significantly lower pancreas weight than both diets 50 and 100. 

Similarly, the liver increased (P<0.01) linearly where diet 0, 25, and 50 had a lower liver weight 

than diet 100, yet diet 12.5 was intermediate. Diet 0+AGP had the lowest liver weight. The 

spleen and bursa did not show differences in weight among the treatments in the grower phase.  

  At the end of the finisher phase (d 49), there was an increase in gizzard weight, where 

diet 0+AGP was lower than diet 50, yet all diets were intermediate, and small intestine weight 

increased where diet 0+AGP was lower than diets 0, 50, and 100. Pancreas weight increased 
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linearly (P<0.05) among the BSFLM diets, where birds fed diet 100 had the highest pancreas 

weight and all other diets were intermediate. Liver weight also increased linearly (P<0.01) 

among the BSFLM diets, where diet 12.5 had a lower liver weight than diet 100, and all other 

diets were intermediate. Diet 0+AGP had a statistically similar liver weight to diet 12.5. Spleen 

weight did not change in response to BSFLM inclusion, however, bursa weight increased 

linearly (P<0.05) with the lowest bursa weights in diets 0 and 25.  

Also on d 49, breast yield and woody breast score significantly decreased (P<0.01) as the 

level of BSFLM increased, where diet 0+AGP had higher (P<0.01) breast yield than diets 50 and 

100 and had a higher (P<0.01) woody breast score than diets 0, 25, 50, and 100, yet there was no 

change in white striation score.  

4.4.4 Economic Analyses 

Table 4.7.11 presents the economic practicality of each of the experimental diets. As 

expected, the feed cost is generally highest for the starter phase and lowest for the finisher phase; 

as well, diet 0+AGP is slightly higher than diet 0 due to the inclusion of the coccidiostat and 

antibiotic growth promoter. Among the BSFLM diets, the cost of the feed increased linearly as 

the level of BSFLM increased. On average, diet 100 costs 70.2% higher than diet 0.  

Total FI for each phase decreased (P<0.01) linearly as the level of BSFLM increased; 

however, the overall cost of feed consumed still increased (P<0.01) linearly and quadratically 

(P<0.01) as the level of BSFLM increased, resulting in the respective increase (P<0.01) of cost 

of production. Diet 0+AGP and 0 were significantly lower (P<0.01) than all other diets, which 

were consecutively higher as the level of BSFLM increased. Average overall BW also decreased 

linearly and quadratically (P<0.01) as the level of BSFLM increased; however, the farm-gate 

minimum live price based on average slaughter weight stayed consistent through diets 0+AGP, 

0, 12.5, 25, and 50, but was lower (P<0.01) for diet 100. The resulting revenue was highest 

(P<0.001) for diet 0+AGP, where diet 0+AGP, 0, 12.5, and 25 were all higher (P<0.01) than 

diets 50 and 100. Accordingly, the gross profit margin and CBR decreased linearly and 

quadratically (P<0.01), where diet 0 was the highest and the following diet treatments decreased 

consecutively. Diet 0 was statistically similar to diet 0+AGP, where these two diets were the 

most profitable and where diets 50 and 100 resulted in a negative gross profit margin and a CBR 

below 1, indicating that the cost of including the associated level of BSFLM in the diets was 

higher than the revenue resulting from the sale of the birds.  
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4.5 Discussion 

4.5.1 Growth Performance 

During the starter phase, diets with lower levels of BSFLM (12.5 & 25) were comparable 

to the 0+AGP diet and outperformed the 0 BSFLM diet. These results are comparable with 

Dabbou et al. (2018), who reported quadratic responses in BW to increasing BSFLM level 

throughout the starter, grower, and finisher phases, with the highest result, observed in the 10% 

inclusion diet. However, the strongest quadratic responses occurred in the later phases (grower 

and finisher) as opposed to the starter phase in the present study. Dabbou et al. (2018) saw 

otherwise no change in BW, BWG, FI, or FCR for diets including 5% and 10% BSFLM and 

reduced BW and FCR in the diet containing 15% inclusion of BSFLM. It is thought that BSFLM 

and oil possess prebiotic and antimicrobial properties from the chitin and medium-chain fatty 

acid contents (Dörper et al., 2020). These properties could provide benefits similar to an AGP 

diet, hence the quadratic effect seen in the BW data. However, Dabbou et al. (2018) used 

partially defatted BSFLM without additional BSFLO, and therefore had a lower crude fat content 

in the experimental diets. This would reduce the amount of total MCFA received by the birds, 

therefore reducing the beneficial effects, yet Dabbou et al. (2018) still observed a quadratic effect 

in BW through the grower and finisher phases, supporting the idea that even small amounts of 

chitin and MCFA can have an effect comparable to AGP diets. Furthermore, Dabbou et al. 

(2018) reported an increase in FI during the starter phase, and no change in FI for the remainder 

of the trial, compared to the present study, which observed a decrease in FI with increasing 

BSFLM inclusion through all three phases. This could explain why the increase in BW did not 

continue into the later phases in the current study, while the birds in the study conducted by 

Dabbou et al. (2018) were receiving a consistent supply of chitin and MCFA, and were, 

therefore, able to maintain the beneficial effects throughout the entire 35 d trial. Likewise, de 

Souza Vilela et al. (2021) fed broilers a full-fat black soldier fly larvae product and observed no 

change in growth performance of broilers fed up to 20% inclusion of BSFLM in the starter 

phase, but reported a linear increase in BW, BWG, and FCR in the grower and finisher phases 

when fed up to 20% inclusion of BSFLM, with no change in FI. Studies by Dabbou et al. (2018), 

and de Souza Vilela et al. (2021) fed the birds a wheat-based diet rather than a corn-based diet, 

suggesting that beneficial effects on growth performance from lower levels of BSFLM can be 

achieved on a corn or wheat-based diet. Additionally, other authors have reported no change in 
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growth performance parameters, including FI, when feeding broilers below 55.5% replacement 

of SBM with BSFLM or BSF pupae meal, yet without any additional benefits compared to the 

control diet, despite these studies containing similar amounts of crude fat compared to the 

present study, despite the crude fat content being considered the source of these benefits, given 

the fatty acid profile (MCFA). These studies however used defatted BSF products, and 

supplemented with either SBO or corn oil, rather than BSFLO (Cullere et al., 2016; Onsongo et 

al., 2018) and therefore would not have the functional benefits from high MCFA as BSFLO 

does. Given the evidence from these studies, further research should be conducted on the use of 

BSFLM and oil as a supplement (<~25%) to replace antibiotics and coccidiostats in AGP diets.  

Furthermore, the present study also reported a linear decrease in growth performance in 

response to increasing BSFLM levels, most notably above 50% replacement of SBM with 

BSFLM. Similarly, Murawska et al. (2021) observed a negative linear relationship in BW, BWG, 

FI, and FCR in broilers fed 50%, 75%, and 100% replacement of SBM with BSFLM, and 

suggested the decreased performance mainly results from the reduction in FI. Murawska et al. 

(2021) further proposes that the reduced FI could be resulting from a darkened appearance of the 

feed containing more BSFLM compared to a control SBM-based diet, however, although broilers 

are highly visual animals, they are not thought to be averse to varying colors (Gulizia & Downs, 

2021) and quails have been seen to prefer diets containing BSFLM versus an SBM-based control 

diet in feed choice tests (Cullere et al., 2016). It is also suggested that reduced FI could be caused 

by impaired protein utilization caused by the chitin content. Chitin is representative of the fiber 

content in BSFLM, and as seen in Murawska et al. (2021) and the present study, the NDF 

content of the diets increases as the level of BSFLM inclusion increases. High fiber content 

(~19.51%), or NDF, has been seen to increase anterior digestive tract weight (gizzard), reduce 

digesta transit time, and subsequently reduce nutrient digestibility (Krás et al., 2013). Therefore, 

a reduction in nutrient digestibility resulting from high crude fiber, could be a contributing factor 

to reduced BW and BWG and could have further adverse effects on other areas of the body such 

as feather development and organ function. A study conducted by Velten et al. (2018) replaced 

50% SBM with BSFLM in broiler diets containing standard amino acid supplementation and 

fortified amino acid supplementation (addition of Met, Lys, Thr, Arg, Val). Reduced BW and FI 

were observed when the broilers received the standard amino acid supplementation, but no 

change in performance parameters was observed when receiving supplemental amino acids. This 
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suggests that the reduced performance is caused by reduced nutrient digestibility, specifically 

amino acid availability. In the present study, the diets were analyzed, and the most notable effect 

on amino acid concentrations was the Arg deficiency that occurred in every diet across each 

phase. This deficiency increased as the level of BSFLM increased, corresponding with lower 

levels of arginine in BSFLM versus SBM. Furthermore, the Arg:Lys ratio fell below the NRC 

recommendation of 0.9-1.18 (Balnave & Barke, 2002) in diets 25, 50, and 100 for the starter and 

finisher phases, and diet 100 for the grower phase. Arginine plays an essential role in broiler 

growth, feather development, and immunity, and can influence the effectiveness of all other 

amino acids in protein synthesis, however, is heavily influenced by Lys concentrations (Balnave 

& Barke, 2002). The literature reviewed by Balnave and Barke (2002) suggest that Lys and Arg 

do not compete for absorption in the small intestine, but instead compete for renal reabsorption. 

If the Arg:Lys ratio is imbalanced towards Lys, excess Lys will be reabsorbed, a process which 

is also influenced by potassium levels, and will result in the overproduction of arginase by the 

kidney. Arginase activity is closely correlated to reduced FI and BWG in broilers as it also 

breaks down Arg, causing more of a deficiency (Balnave & Barke, 2002). This indicates that the 

reduced performance seen in Velten et al. (2018) could be caused by amino acid imbalances 

resulting from the Arg:Lys ratio and could be rectified with amino acid supplementation, or as 

also suggested by Balnave and Barke (2002), potassium supplementation.  

4.5.2 Organ Weights and Breast Meat Attributes 

The current study observed increased gizzard, small intestine, liver, and pancreas weights 

as the level of BSFLM increased in 24- and 49-day old broiler chickens, where the largest 

differences were seen in the liver and pancreas. Schiavone et al. (2019), Onsongo et al. (2018), 

and Mohammed et al. (2017) observed different results, where no change was seen in organs 

weight, however, these studies only observed diets up to 55.5% replacement of SBM or fish meal 

with BSFLM. Studies that included higher levels of BSFLM did partially corroborate these 

results, where increased liver weight was seen at 75% BSFLM (Murawska et al., 2021).  

Although there is limited research on the effect of BSFLM on organ function specifically, 

well-established research can help deduce the cause and effect that an ingredient could be having 

on various organs. According to the current literature, the gizzard, primarily functioning as the 

site for grinding and breaking down feed particles, is expected to increase in size and mass as 

larger particles and more structural and fibrous material are added to the diet (Kiarie & Mills, 
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2019). An increase in gizzard weight was seen in diets containing high levels of BSFLM (50 and 

100), which also contains the highest concentration of chitin, and consequently NDF, suggesting 

that the high fiber content in diets 50 and 100 caused the increase in gizzard weight, yet does not 

explain the corresponding increase in diet 0. An increase in gizzard development is also linked 

with lower pH in the digestive tract, resulting in a reduction of harmful bacteria and pathogens 

(Kiarie & Mills, 2019). This is further evidence that BSFLM could be a useful tool in reducing 

antibiotics and coccidiostats in poultry feed.  

Small intestinal weight also tended to increase with increasing levels of BSFLM 

inclusion, however, on d 24 and 49, diet 0+AGP had significantly lower small intestine weights 

compared to all other diets. Earlier research has shown that AGP inclusion causes intestinal wall 

thinning, as a reduction in the preventative response to harmful microorganisms in the gut 

(Coates et al., 1955). The resulting thinned intestinal walls allow nutrients to pass more easily, 

increasing overall nutrient absorption and hence feed utilization (Madge, 1969). The thinned 

intestinal wall likely led to the decrease in intestinal weight in the 0+AGP fed birds. On the other 

hand, research has shown that the protein source in poultry diets, notably vegetable versus 

animal sources, can influence the microbiome in the gut through increased microbial diversity 

(Bean-Hodgins & Kiarie, 2021). Animal proteins contain high amounts of crude protein and can 

cause the fermentation of excess crude protein in the intestinal tract, which feeds harmful 

bacteria such as C. perfringens (Bean-Hodgins & Kiarie, 2021; Drew et al., 2004; Wilkie et al., 

2005). Therefore, it is possible that BSFLM can trigger increased bacterial populations in the 

gut, causing the gut wall to thicken, resulting in a greater overall weight. This, coupled with an 

increase in insoluble fiber (chitin), would also cause reduced nutrient absorption (Bean-Hodgins 

& Kiarie, 2021), further contributing to reduced BW and poor performance.   

Pancreas weights increased linearly among the BSFLM diets on d 24 and 49. It is unclear 

as to why pancreas hypertrophy occurred; however, research has established that the presence of 

anti-nutritional factors such as trypsin inhibitors in untreated SBM will cause a corresponding 

increase in pancreas weight, as the pancreas attempts to compensate with trypsin production 

(Pacheco et al., 2014). The increasing presence of chitin in the BSFLM diets could also be 

considered an anti-nutritional factor, however, research indicates that poultry produces small 

amounts of chitinase enzymes capable of digesting chitin (Tabata et al., 2017). Perhaps increased 

chitinase production influences feedback loops involving the pancreas, resulting in pancreas 
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hypertrophy, or perhaps BSFLM contains other anti-nutritional factors yet to be identified, which 

have a similar impact on the pancreas as trypsin inhibitors.  

On d 24, the liver was affected most notably in diet 100 with a significant increase in 

weight, whereas on d 49, there was a clear linear increase in liver weight as the level of BSFLM 

increased. Fatty liver syndrome is a common metabolic condition in chickens, resulting in fat 

accumulation in the liver (Qureshi et al., 2004). This condition is most commonly caused by 

feeding high energy, low protein diets (Qureshi et al., 2004). Although AME values were 

consistent between treatments in the present study, except for diet 100 in the finisher phase, the 

diets did increase significantly in starch content as the level of BSFLM increased. An increase in 

starch would cause an increase in glucose concentrations, eventually stored as adipose tissue. 

Although fatty liver syndrome most commonly results during an energy surplus, perhaps the 

starch content played a role in the development of this condition. Fatty liver syndrome can also 

be induced by methionine deficiency, as methionine is considered a lipotropic compound 

through its ability to donate methyl groups and its relationship with choline. Together, 

methionine and choline work to export fats from the liver (Kalbande et al., 2009; Saeed et al., 

2017)  Methionine is the first limiting amino acid in BSFLM, however the diets in the present 

study were formulated using the most accurate standardized ileal amino acid digestibility 

coefficients (Mwaniki & Kiarie, 2018). Although there was sufficient dietary methionine in the 

diets, methionine may not have been bioavailable for the export of fats from the liver. An 

alternative explanation for increased liver weight could be that the liver is working harder to 

breakdown excess plasma amino acids which are not being used for protein synthesis (He et al., 

2021). 

Little change was seen in the lymphoid organs, except for a linear increase in bursa 

weight on d 49, where the AGP+0 diet was similar to diets 12.5 and 50, and diet 100 was higher 

than all of the other diets. The bursa acts as an indicator of immune function in poultry, being the 

main site for B-cell differentiation. Studies have used the weight of the bursa as an indicator for 

the potential of antibiotic alternatives, suggesting that heavier bursas indicate a healthier immune 

system (Guo et al., 2003). Likewise, in the present study, bursa weight increased with the level 

of BSFLM, suggesting that the BSFLM does promote a healthy immune system, and is 

comparable to AGP diets.  
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The results also identified decreased breast yield and decreased occurrence of woody 

breast syndrome. Decreased breast yield is expected due to the decreased overall BW as a result 

from AA imbalances, and as woody breast syndrome is associated with heavier breasts and BW 

(Baltic et al., 2019), the reduced occurrence of woody breast syndrome is also a result of 

decreased BW.  

  More research is warranted on the effects on organ weights resulting from high levels of 

BSFLM inclusion. High amounts of fibre and crude protein in BSFLM led to increased gizzard 

weights and thickened small intestinal walls. Although a more developed gizzard can contribute 

to improved immune function and a healthy gut environment, the increase in fibre also decreases 

digesta transit time, which in turn decreases nutrient digestibility. A thickened intestinal wall can 

also make nutrient absorption more difficult, while decreasing the amino acids available for 

protein synthesis by utilizing them for mucosa production. The cause of increased pancreas and 

liver weights may have resulted from nutrient metabolism and feedback loops of BSFLM 

inclusion and are not fully understood. It is possible that fatty liver syndrome was induced by the 

lack of bioavailable methionine, or ultimately, altered fat metabolism and exportation. Further 

research should be conducted on the possible gut-health promoting benefits such as the pH of the 

GI tract, and possible beneficial bacterial populations from fibre fermentation, and also on the 

negative impacts to the liver and pancreas via enzyme production and organ histology.  

4.5.3 Economic Analysis 

The economic analysis of the use of BSFLM in broiler diets demonstrated that a SBM-

based control diet is the cheapest diet to feed to broilers, closely followed by a 0+AGP control 

diet, where the 0+AGP control diet is the most profitable. As the level of BSFLM and BSFLO 

increases in the diets, so does the price. Coupled with reduced BW, the profitability of BSFLM 

diets decreases linearly as the level increases, and diets containing ≥50% BSFLM as a 

replacement for SBM are not profitable, and therefore cost more money to produce than will be 

made from sales. Onsongo et al. (2018) studied the profitability of up to 55.5% replacement of 

SBM with BSFLM in broiler diets and concluded that as the level of BSFLM increases, the diets 

become cheaper, as well as more profitable through increased CBR and return on investment 

(ROI). Likewise, Khan et al. (2019) concluded that various insect species could reduce feed costs 

in broilers production. Although it is widely thought that BSFLM inclusion in broiler diets will 

reduce costs for producers, this is highly dependent on where the BSFLM is sourced. BSF’s can 
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be produced and harvested very affordably given the ideal climate and less stringent regulations, 

for example in Kenya, where the BSFLM was sourced in the study conducted by Onsongo et al. 

(2018). Given that the current study was conducted in Canada, BSF producing companies require 

expensive, and elaborate climate-controlled facilities, and must comply with very stringent 

regulations (Enterra, 2021). Additionally, BSFLM is still a novel feed ingredient and less 

culturally accepted and is therefore not widely used yet in Canada. This results in BSFLM prices 

being very high compared to SBM ($6.43/kg vs $0.63/kg). Despite BSFLM as a major feed 

component not being economically sustainable for broiler producers in Canada, it could be viable 

in Asia-Pacific and Africa where poultry meat production has the highest potential for growth 

(Wood, 2020).    

4.6 Conclusion 

The results from this study indicate that broilers will experience depression in growth 

performance when fed higher levels of BSFLM (≥50% of SBM), represented through reduced 

BW and BWG, as well as reduced FI and poorer FCR. These results, supported by the current 

price of BSF products, indicate that a major, or full replacement of SBM with BSFLM is not 

viable in broiler production. However, further research is warranted on BSFLM inclusion in 

lower amounts (≤25% of SBM), as a value-added ingredient, which could promote growth 

similar to an AGP diet. Further research is also warranted on a comprehensive study of the 

metabolic and physiological effects of BSFLM inclusion, including the effects of high levels of 

BSFLM (≥50%) on organs. 
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4.7 Tables 

Table 4.7.1: Composition of experimental diets- starter phase, d 0-10, (as fed basis) 

 
SBM replacement with BSFLM, % 

 Item 0+AGP2 0 12.5 25 50 100 

Ingredient name             

Corn  33.7 33.8 35.8 37.8 42.0 46.5 

Wheat  20.0 20.0 20.0 20.0 20.0 20.0 

Soybean meal (SBM) 32.6 32.6 27.4 22.2 11.6   

Pork meal 4.00 4.00 4.00 4.00 4.00 4.00 

Black Fly Soldier larvae meal (BSFLM)     4.10 8.10 16.30 25.28 

Black Soldier fly larvae fat (BSFLO)     4.66 3.80 1.99   

Soy oil  5.54 5.54         

L-Lysine HCL  0.35 0.35 0.41 0.48 0.61 0.76 

DL-Methionine 0.38 0.38 0.40 0.43 0.48 0.53 

L-Threonine  0.18 0.18 0.20 0.22 0.26 0.30 

L-Tryptophan       0.01 0.07 0.13 

Limestone Fine  0.68 0.68 0.60 0.52 0.36 0.18 

Monocalcium phosphate  1.17 1.17 1.16 1.14 1.10 1.06 

Salt  0.23 0.23 0.21 0.18 0.14 0.09 

Sodium bicarbonate  0.09 0.09 0.10 0.10 0.12 0.13 

Vitamin and minerals premix1 1.00 1.00 1.00 1.00 1.00 1.00 

BMD® 110  0.05           
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Monteban® 100  0.07           

Ingredient Total: 100.00 100.00 100.00 100.00 100.00 100.00 

Calculated nutrient composition             

Crude protein (%) 23.0 23.0 23.0 23.0 23.0 23.0 

Crude fat (%) 7.67 7.67 7.44 7.21 6.70 6.13 

Linoleic acid C18:2 (%) 3.92 3.92 3.49 3.06 2.16 1.17 

Calcium (%) 0.96 0.96 0.96 0.96 0.96 0.96 

Available phosphorous (%) 0.48 0.48 0.48 0.48 0.48 0.48 

Sodium (%) 0.16 0.16 0.16 0.16 0.16 0.16 

AMEn (kcal/kg) 3,086 3,086 3,086 3,086 3,086 3,086 

SID Lys (%) 1.28 1.28 1.28 1.28 1.28 1.28 

SID Met (%) 0.67 0.67 0.69 0.70 0.73 0.77 

 SID Met + Cys (%) 0.95 0.95 0.95 0.95 0.95 0.95 

1 Provided per kg of premix: vitamin A (retinol), 880 KIU; vitamin D3 (cholecalciferol), 330 

KIU; vitamin E, 4,000 IU; vitamin K3 (menadione), 330 mg; vitamin B1 (thiamin), 400 mg; 

vitamin B2 (riboflavin), 800 mg; vitamin B3 (niacin), 5,000 mg; vitamin B5 (pantothenic acid), 

1,500 mg; vitamin B6 (pyridoxine), 300 mg; vitamin B9 (folic acid), 100 mg; vitamin B12 

(cyanocobalamin), 1200 mcg; biotin, 200 mcg; choline, 60,000 mg; Fe, 6000 mg; Cu, 1000 mg; 

I, 1 mg, Se, 30 mg.  

2Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and 

antibiotic (BMD® 110 G, 55 mg Bacitracin Methylene Disalicilate/kg, Zoetis Canada Inc., 

Kirkland, QC).  
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Table 4.7.2: Composition of grower phase experimental diets, d 11-24 (as fed) 

 SBM replacement with BSFLM, % 

Item 0+AGP2 0 12.5 25 50 100 

Ingredient name             

Corn  40.0 40.2 41.8 43.5 47.0 50.6 

Wheat  20.0 20.0 20.0 20.0 20.0 20.0 

Soybean meal (SBM) 27.2 27.2 22.8 18.5 9.7   

Pork meal 5.00 5.00 5.00 5.00 5.00 5.00 

Black fly soldier larvae meal (BSFLM)     3.40 6.80 13.60 21.10 

Black Soldier fly larvae oil (BSFLO)     3.70 2.97 1.47   

Soy oil  4.43 4.43         

L-Lysine HCL  0.31 0.31 0.37 0.42 0.54 0.66 

DL-Methionine 0.33 0.33 0.35 0.37 0.42 0.46 

L-Threonine  0.16 0.16 0.17 0.18 0.22 0.25 

L-Tryptophan        0.00 0.05 0.11 

Limestone fine  0.42 0.42 0.35 0.29 0.15 0.00 

Monocalcium phosphate  0.73 0.73 0.71 0.70 0.67 0.64 

Salt  0.23 0.23 0.22 0.20 0.16 0.12 

Sodium bicarbonate  0.06 0.06 0.07 0.07 0.09 0.10 

Vitamin and minerals premix1 1.00 1.00 1.00 1.00 1.00 1.00 

BMD® 110  0.05           

Monteban® 100  0.07           
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Ingredient Total: 100.00 100.00 100.00 100.00 100.00 100.00 

Calculated Nutrient Composition             

Crude protein (%) 21.5 21.5 21.5 21.5 21.5 21.5 

Crude fat (%) 6.9 6.9 6.7 6.6 6.1 5.8 

Linoleic acid C18:2 (%) 3.4 3.4 3.1 2.7 2.0 1.2 

Calcium (%) 0.87 0.87 0.87 0.87 0.87 0.87 

Available phosphorous (%) 0.44 0.44 0.44 0.44 0.44 0.44 

Sodium (%) 0.16 0.16 0.16 0.16 0.16 0.16 

AMEn (kcal/kg) 3,100 3,100 3,100 3,100 3,100 3,108 

SID Lys (%) 1.15 1.15 1.15 1.15 1.15 1.15 

SID Met (%) 0.61 0.61 0.63 0.64 0.66 0.69 

SID Met+ Cys (%) 0.87 0.87 0.87 0.87 0.87 0.87 

1 Provided per kg of premix: vitamin A (retinol), 880 KIU; vitamin D3 (cholecalciferol), 330 

KIU; vitamin E, 4,000 IU; vitamin K3 (menadione), 330 mg; vitamin B1 (thiamin), 400 mg; 

vitamin B2 (riboflavin), 800 mg; vitamin B3 (niacin), 5,000 mg; vitamin B5 (pantothenic acid), 

1,500 mg; vitamin B6 (pyridoxine), 300 mg; vitamin B9 (folic acid), 100 mg; vitamin B12 

(cyanocobalamin), 1200 mcg; biotin, 200 mcg; choline, 60,000 mg; Fe, 6000 mg; Cu, 1000 mg; 

I, 1 mg, Se, 30 mg.  

2Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and 

antibiotic (BMD® 110 G, 55 mg Bacitracin Methylene Disalicilate/kg, Zoetis Canada Inc., 

Kirkland, QC).  
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Table 4.7.3: Composition of finisher phase experimental diets, d 25-49 (as fed) 

 SBM replacement with BSFLM, % 

Item 0+AGP2 0 12.5 25 50 100 

Ingredient name             

Corn  45.8 45.9 47.2 48.4 50.9 53.1 

Wheat  20.0 20.0 20.0 20.0 20.0 20.0 

Soybean meal (SBM)  20.6 20.6 17.3 14.1 7.4   

Pork meal-58% 6.00 6.00 6.00 6.00 6.00 6.00 

Black fly soldier larvae meal (BSFLM)     2.60 5.10 10.30 16.08 

Black soldier fly larvae oil (BSFLO)     4.39 3.86 2.77 1.75 

Soy oil  4.95 4.95         

L-Lysine HCL  0.33 0.33 0.37 0.41 0.50 0.59 

DL-Methionine 0.31 0.31 0.33 0.34 0.38 0.41 

L-Threonine   0.16 0.16 0.17 0.18 0.20 0.23 

L-Tryptophan       0.00 0.04 0.08 

Limestone fine  0.18 0.18 0.13 0.08     

Monocalcium phosphate  0.33 0.33 0.31 0.30 0.33 0.52 

Salt  0.23 0.23 0.21 0.20 0.17 0.14 

Sodium bicarbonate  0.06 0.06 0.06 0.07 0.07 0.08 

Vitamin and minerals premix1 1.00 1.00 1.00 1.00 1.00 1.00 

BMD® 110  0.05           

Monteban® 100  0.07           
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Ingredient Total: 100.00 100.00 100.00 100.00 100.00 100.00 

Calculated Nutrient Composition             

Crude protein (%) 19.5 19.5 19.5 19.5 19.5 19.5 

Crude fat (%) 7.8 7.8 7.6 7.5 7.2 7.1 

Linoleic acid C18:2 (%) 3.8 3.8 3.5 3.3 2.7 2.2 

Calcium (%) 0.79 0.79 0.79 0.79 0.81 0.89 

Available phosphorous (%) 0.40 0.40 0.40 0.40 0.41 0.45 

Sodium (%) 0.16 0.16 0.16 0.16 0.16 0.16 

AMEn (kcal/kg) 3200 3200 3200 3200 3200 3200 

SID Lys (%) 1.03 1.03 1.03 1.03 1.03 1.03 

SID Met (%) 0.57 0.57 0.58 0.59 0.61 0.63 

SID Met+ Cys (%) 0.80 0.80 0.80 0.80 0.80 0.80 

1 Provided per kg of premix: vitamin A (retinol), 880 KIU; vitamin D3 (cholecalciferol), 330 

KIU; vitamin E, 4,000 IU; vitamin K3 (menadione), 330 mg; vitamin B1 (thiamin), 400 mg; 

vitamin B2 (riboflavin), 800 mg; vitamin B3 (niacin), 5,000 mg; vitamin B5 (pantothenic acid), 

1,500 mg; vitamin B6 (pyridoxine), 300 mg; vitamin B9 (folic acid), 100 mg; vitamin B12 

(cyanocobalamin), 1200 mcg; biotin, 200 mcg; choline, 60,000 mg; Fe, 6000 mg; Cu, 1000 mg; 

I, 1 mg, Se, 30 mg. 

2Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and 

antibiotic (BMD® 110 G, 55 mg Bacitracin Methylene Disalicilate/kg, Zoetis Canada Inc., 

Kirkland, QC).   
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Table 4.7.4: Analyzed composition of black soldier larvae meal (BSFLM) and soybean meal 

(SBM) used in the study 

Item BSFLM SBM 

 As fed DM basis As fed DM basis 

Dry matter, % 95.42  88.22  

Crude protein, % 52.53 55.05 45.33 51.38 

Crude fat, % 12.70 13.31 2.33 2.64 

Starch, % 3.56 3.73 1.14 1.29 

Chitin, % 6.36 6.67 0.00 0.00 

NDF, % 18.84 19.74 6.09 6.90 

Gross energy, kcal/kg 5,096 5,341 4,187 4,746 

Calcium, % 1.44 1.51 0.12 0.14 

Phosphorous, % 0.67 0.70 0.55 0.62 

Potassium, % 1.30 1.36 2.13 2.41 

Magnesium, % 0.34 0.36 0.27 0.31 

Sodium, % 0.17 0.18 0.04 0.05 

Indispensable Amino Acids, %      

Arg 2.626 2.752 3.134 3.553 

His 1.655 1.734 1.214 1.376 

Ile 1.900 1.992 1.740 1.972 

Leu 3.433 3.598 3.345 3.792 

Lys 2.627 2.753 2.526 2.863 

Met 0.767 0.804 0.539 0.611 
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Phe 2.602 2.727 2.335 2.647 

Thr  1.857 1.946 1.621 1.837 

Trp 0.687 0.720 1.232 1.396 

Val 2.999 3.143 2.077 2.354 

Dispensable Amino Acids, %         

Ala 3.221 3.376 1.876 2.126 

Asp 4.688 4.913 5.092 5.772 

Cys 0.478 0.501 0.681 0.772 

Glu 5.200 5.450 6.654 7.542 

Gly 2.198 2.304 1.540 1.745 

Pro 3.378 3.540 2.437 2.762 

Ser 2.248 2.356 2.304 2.612 

Tyr 1.694 1.775 1.421 1.610 
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Table 4.7.5: Analyzed composition of black soldier larvae oil (BSFLO) and soybean oil (SBO) 

used in the study, as fed basis 

Fatty Acids, % of total fat BSFLO SBO 

Decanoic acid 0.73 0.00 

Undecanoic acid 0.01 0.00 

Lauric acid 35.32 0.00 

Myristic acid 7.32 0.06 

Myristoleic acid 0.24 0.00 

Pentadecanoic acid 0.07 0.01 

Palmitic acid 12.08 9.93 

Palmitoleic acid 3.01 0.08 

Heptadecanoic acid 0.10 0.10 

cis-10-Heptadecenoic acid 0.06 0.05 

Stearic acid 2.37 3.86 

Oleic acid 20.02 18.83 

Linolelic acid 13.00 55.35 

Arachidic acid 0.11 0.29 

γ-Linolenic acid 0.05 0.03 

Gadoleic acid 0.17 0.19 

Linolenic acid 2.50 8.76 

Heneicosanoic acid 0.00 0.06 

cis-11,14-Eicosadienoic acid 0.02 0.06 
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Behenic acid 0.03 0.31 

Tricosanoic acid 0.02 0.00 

Methyl cis-5,8,11,14-eicosatetraenoic acid 0.00 0.04 

Lignoceric acid 0.01 0.10 

Others 2.76 1.90 

Total Saturated, % 58.00 15.00 

Total MUFA, % 23.00 19.00 

Total PUFA, % 16.00 64.00 
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Table 4.7.6: Analyzed chemical composition of starter diet 

 
SBM Replacement with BSFLM 

Item 01 12.5 25 50 100 

Dry matter, % 89.43 89.65 89.66 90.06 90.55 

Gross Energy, kcal/kg 4167 4210 4260 4221 4252 

Crude protein, % 22.35 23.22 21.44 23.45 23.37 

Crude fat, % 6.72 7.00 7.26 5.69 6.15 

Starch, % 37.80 26.60 37.88 38.64 40.68 

NDF, % 10.02 11.78 12.62 15.20 14.61 

Calcium, % 0.73 0.80 0.83 0.91 1.02 

Phosphorous, % 0.73 0.71 0.78 0.70 0.79 

Potassium, % 0.89 0.89 0.87 0.77 0.67 

Magnesium, % 0.17 0.18 0.18 0.18 0.19 

Sodium, % 0.15 0.20 0.17 0.18 0.16 

Indispensable Amino Acids, % digestible           

Arg 1.269 1.282 1.176 1.216 1.008 

His 0.350 0.371 0.326 0.398 0.381 

Ile 0.988 0.771 0.706 0.993 0.821 

Leu 1.750 1.568 1.531 1.840 1.602 

Lys 1.113 1.196 1.357 1.423 1.373 

Met 0.486 0.520 0.600 0.676 0.687 

Phe 1.199 1.006 0.597 1.174 0.862 

Thr  0.743 0.913 0.840 0.843 0.891 

Trp2 (% total) 0.471 0.464 0.438 0.368 0.321 

Val 0.839 0.921 0.905 1.007 1.006 

Dispensable Amino Acids, % digestible           

Ala 0.899 0.979 1.040 1.185 1.190 

Asp 1.705 1.756 1.764 1.706 1.488 

Cys 0.320 0.334 0.304 0.296 0.277 

Glu 2.799 
1.161 

2.828 2.723 2.268 
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Gly 0.628 0.691 0.630 0.793 0.765 

Pro 1.186 1.288 1.225 1.451 1.418 

Ser 0.928 0.933 0.933 0.972 0.857 

Tyr 0.410 0.467 
0.149 

0.572 
0.367 

1Same analyzed nutrient composition as diet 0%BSFLM + AGP (Coccidiostat (Monteban® 100, 

70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg 

Bacitracin Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC)).  

2Trp values are reported as total due to lack of information regarding SID coefficients for Trp in 

BSFLM fed to broilers.    
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Table 4.7.7: Analyzed chemical composition of grower diets 

 
SBM Replacement with BSFLM 

Item 01 12.5 25 50 100 

Dry matter, % 89.07 89.19 89.24 89.76 89.91 

Gross Energy, kcal/kg 4191 4132 4189 4210 4184 

Crude protein, % 19.24 19.42 20.89 21.51 20.62 

Crude fat, % 7.09 6.61 5.72 5.92 5.56 

Starch, % 39.58 39.63 42.08 42.66 44.73 

NDF, % 12.23 11.74 14.06 14.17 15.66 

Calcium, % 0.60 0.65 0.65 0.70 0.69 

Phosphorous, % 0.56 0.54 0.58 0.59 0.56 

Potassium, % 0.86 0.80 0.75 0.70 0.58 

Magnesium, % 0.16 0.17 0.16 0.19 0.19 

Sodium, % 0.14 0.16 0.17 0.15 0.14 

Indispensable Amino Acids, % digestible           

Arg 1.180 1.102 1.093 1.038 0.912 

His 0.329 0.314 0.326 0.337 0.317 

Ile 0.766 0.909 0.839 0.862 0.674 

Leu 1.520 1.722 1.642 1.658 1.454 

Lys 0.968 1.103 1.181 1.153 1.191 

Met 0.515 0.508 0.553 0.624 0.651 

Phe 1.028 1.104 1.023 1.068 0.745 

Thr  0.716 0.763 0.826 0.765 0.771 

Trp2 (% total) 0.448 0.426 0.444 0.383 0.363 

Val 0.771 0.773 0.788 0.805 0.839 

Dispensable Amino Acids, % digestible           

Ala 0.851 0.949 
0.998 1.106 1.157 

Asp 1.526 1.604 1.586 1.485 1.383 

Cys 0.333 0.322 0.319 0.255 0.257 

Glu 2.585 2.684 2.629 2.431 2.200 
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Gly 0.619 0.623 0.643 0.775 0.713 

Pro 1.145 1.204 1.230 1.362 1.309 

Ser 0.858 0.875 0.880 0.849 0.808 

Tyr 
0.385 0.419 0.424 0.366 0.310 

1Same analyzed nutrient composition as diet 0%BSFLM + AGP (Coccidiostat (Monteban® 100, 

70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg 

Bacitracin Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC)).  

2Trp values are reported as total due to lack of information regarding SID coefficients for Trp in 

BSFLM fed to broilers.    
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Table 4.7.8: Analyzed chemical composition of finisher diets 

 
SBM Replacement with BSFLM 

Item 01 12.5 25 50 100 

Dry matter, % 88.91 88.61 88.46 88.79 89.20 

Gross Energy, kcal/kg 4231 4238 4231 4226 4372 

Crude protein, % 17.01 18.97 20.35 19.34 18.56 

Crude fat, % 7.81 7.53 6.93 7.30 6.47 

Starch, % 41.71 41.28 41.43 43.35 46.76 

NDF, % 12.33 12.66 12.23 14.46 15.15 

Calcium, % 0.66 0.60 0.49 0.68 0.87 

Phosphorous, % 0.55 0.55 0.47 0.57 0.63 

Potassium, % 0.72 0.72 0.67 0.61 0.51 

Magnesium, % 0.16 0.17 0.15 0.16 0.16 

Sodium, % 0.14 0.17 0.14 0.14 0.16 

Indispensable Amino Acids, % digestible           

Arg 1.071 1.048 1.049 0.946 0.819 

His 0.301 0.306 0.314 0.306 0.301 

Ile 0.763 0.732 0.631 0.561 0.529 

Leu 1.553 1.574 1.424 1.316 1.237 

Lys 0.911 1.013 1.206 1.054 1.102 

Met 0.478 0.472 0.523 0.539 0.560 

Phe 1.048 1.018 0.825 0.650 0.700 

Thr  0.752 0.718 0.712 0.682 0.700 

Trp2 (% total) 0.526 0.458 0.394 0.386 0.341 

Val 0.662 0.727 0.834 0.795 0.797 

Dispensable Amino Acids, % digestible           

Ala 0.867 0.936 0.992 0.983 1.005 

Asp 1.413 1.490 1.506 1.333 1.190 

Cys 0.249 0.249 0.224 0.197 0.169 

Glu 2.488 2.479 2.484 2.192 1.934 
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Gly 0.657 0.662 0.669 0.668 0.645 

Pro 1.166 1.206 1.216 1.218 1.193 

Ser 0.830 0.870 0.818 0.760 0.699 

Tyr 0.353 0.349 0.396 0.225 0.360 

1Same analyzed nutrient composition as diet 0%BSFLM + AGP (Coccidiostat (Monteban® 100, 

70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg 

Bacitracin Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC)).  

2Trp values are reported as total due to lack of information regarding SID coefficients for Trp in 

BSFLM fed to broilers.    
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Table 4.7.9: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) on growth performance of broiler 

chickens   

Item SBM replacement with BSFLM, %     Responses to BSFM2 

Placement, d 0 0+AGP1 0% 12.5 25 50 100 SEM p-value Linear Quadratic 

BW, g/bird 45.50a 45.60a 45.60a 45.60a 45.50a 45.70a 0.106 0.4197     

Starter, d 0-10                     

BW, g/bird 265.41a 245.62b 259.94a 261.25a 244.23b 202.98c 2.992 <.0001 <.0001 <.0001 

BW gain, g/bird 220.04a 200.18b 214.51a 215.86a 198.91b 157.41c 2.911 <.0001 <.0001 <.0001 

Feed intake, g/bird 236.7ab 239.18ab 244.68a 235.01ab 230.01b 117.28c 4.114 <.0001 <.0001 <.0001 

FCR 1.0820b 1.1971a 1.1463ab 1.0923b 1.1623a 1.1320ab 0.017 <.0001 0.1491 0.0806 

Morbidity 0.76 0.39 1.26 0.39 1.01 1.01 0.381 0.1234 0.2376 0.6428 

Grower, d 11-24                     

Final BW, g/bird 973.32a 904.70b 926.55ab 921.76ab 818.02c 669.18d 19.822 <.0001 <.0001 0.0082 

BW gain, g/bird 709.58a 660.76a 668.29a 662.18a 575.46b 467.87c 17.091 <.0001 <.0001 0.1157 

Feed intake, g/bird 1218.07a 1208.87a 1128.63a 1124.35ab 1106.29ab 1009.26b 45.175 <.0001 <.0001 0.6852 

FCR 1.6505bc 1.8767ab 1.4617c 1.7142abc 1.7405abc 1.9630a 0.114 0.0004 0.0083 0.0314 

Morbidity -0.09b -0.22b -0.09b -0.09b -0.034b 2.41a 0.379 <.0001 <.0001 0.0002 

Finisher, d 25-49                     

Final BW, g/bird 3257.25a 2996.49b 3041.37b 3067.74b 2748.8c 2449.73d 41.847 <.0001 <.0001 0.0519 

BW gain, g/bird 2275.05a 2082.90b 2105.94b 2137.10ab 1921.89c 1771.67c 37.960 <.0001 <.0001 0.3167 

Feed intake, g/bird 3801.44a 3625.01abc 3680.50ab 3720.36ab 3520.93bc 3377.72c 59.654 0.0002 0.0002 0.3024 

FCR 1.6713b 1.7425b 1.7463b 1.7413b 1.8313a 1.9088a 0.019 <.0001 <.0001 0.6002 

Morbidity 0.43 0.43 0.56 0.43 0.43 0.81 0.236 0.4787 0.1115 0.3282 

Overall, d 0-49                     

BW gain, g/bird 3211.66a 2950.82b 2995.73b 3022.13b 2703.25c 2403.94d 41.838 <.0001 <.0001 0.0554 

Feed intake, g/bird 5258.79a 5075.64ab 5056.40ab 5082.31ab 4859.83bc 4566.84c 110.620 <.0001 <.0001 0.3358 

FCR 1.6675d 1.7462c 1.7112cd 1.7137cd 1.8150b 1.9100a 0.023 <.0001 <.0001 0.0422 

Morbidity 0.75b 0.25b 1.38b 0.38b 0.75b 3.88a 0.405 <.0001 <.0001 0.0075 
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1Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

Within a row LSMeans with different superscripts differs, P<0.05.  

2Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100  
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Table 4.7.10: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) on organ weights (g/kg BW) and breast 

muscle attributes in broiler chickens 

 SBM replacement with BSFLM, %   

  

Responses to BSFLM3 

 Item 0+AGP1 0 12.5 25 50 100 

24 d old       SEM P-value Linear Quadratic 

Gizzard  25.1ab 28.8a 23.7b 23.3b 25.4ab 26.8ab 0.90 0.001 0.644 0.002 

Small intestine  29.6b 31.9ab 33.2a 31.5ab 31.2ab 34.5a 0.84 0.005 0.063 0.053 

Pancreas  3.0c 3.2bc 3.2bc 3.3bc 3.5ab 3.8a 0.12 <0.001 <0.0001 0.902 

Liver  18.5c 21.1bc 22.8ab 20.8bc 21.1bc 25.4a 1.59 0.001 0.005 0.058 

Spleen   0.8 0.9 0.9 0.8 0.8 0.8 0.05 0.879 0.320 0.505 

Bursa  2.6 2.7 2.5 2.6 2.8 2.9 0.19 0.676 0.163 0.605 

49 d old                     

Gizzard  16.8b 19.7ab 20.1ab 17.9ab 20.6a 19.7ab 0.81 0.014 0.696 0.998 

Small intestine  16.7b 19.9a 18.9ab 19.2ab 19.5a 20.8a 0.90 0.002 0.110 0.193 

Pancreas  2.0b 2.2ab 2.1ab 2.2ab 2.2ab 2.4a 0.13 0.015 0.032 0.405 

Liver  20.5b 22.7ab 22.1b 23.0ab 24.1ab 26.2a 1.31 0.001 0.001 0.709 

Spleen   1.1 1.0 1.1 1.1 1.0 1.2 0.07 0.502 0.101 0.392 

Bursa  1.7 1.4 1.7 1.5 1.7 1.9 0.14 0.230 0.043 0.921 

Breast muscle attributes           

Weight (g/kg BW) 231.8a 211.5ab 210.6ab 209.1ab 200.1b 174.8c 5.77 <0.0001 <0.0001 0.254 

Woody Breast (WB) Score2 2.7a 1.5b 1.8ab 1.7b 1.2b 1.0b 0.35 <0.001 0.019 0.741 

White Striation (WS) Score 0.5 0.3 0.4 0.4 0.3 0.1 0.17 0.700 0.356 0.606 
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1Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

2Scored by palpitation (WB) and visually (WS) according to Barbut (2019).  

3Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100 

Within a row LSMeans with different superscripts differs, P<0.05.  
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Table 4.7.11: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) on economic of 49 d old broiler 

chicken production 

  SBM replacement with BSFLM, %   Responses to BSFLM6 

  0+AGP1 0 12.5 25 50 100 SEM P-value Linear Quadratic 

Cost of Feed ($/kg)                     

Starter 0.540 0.523 0.895 1.088 1.489 1.928         

Grower 0.500 0.483 0.787 0.951 1.284 1.660         

Finisher 0.494 0.477 0.758 0.879 1.137 1.435         

Total Feed Intake (kg/bird)                     

Starter 0.237ab 0.240ab 0.245a 0.236ab 0.230b 0.178c 0.004 <.0001 <.0001 <.0001 

Grower 1.218a 1.209a 1.129a 1.125ab 1.106ab 1.009b 0.045 <.0001 <.0001 0.6885 

Finisher 3.802a 3.625abc 3.680ab 3.721ab 3.521bc 3.378c 0.060 0.0002 0.0002 0.3036 

Cost of Feed Consumed (kg/bird)                     

Starter 0.126d 0.124d 0.219c 0.256b 0.343a 0.344a 0.005 <.0001 <.0001 <.0001 

Grower 0.669e 0.648e 0.878d 1.012c 1.290b 1.454a 0.041 <.0001 <.0001 <.0001 

Finisher 1.880e 1.730e 2.791d 3.271c 4.004b 4.848a 0.048 <.0001 <.0001 <.0001 

Overall 2.640e 2.466e 3.853d 4.511c 5.602b 6.611a 0.089 <.0001 <.0001 <.0001 

Cost of Chick ($/bird) 0.908 0.908 0.908 0.908 0.908 0.908         

Cost of Production2 3.548e 3.374e 4.761d 5.42c 6.511b 7.519a 0.089 <.0001 <.0001 <.0001 

Average BW at slaughter 

(kg/bird) 3.258a 2.997b 3.041b 3.068b 2.749c 2.450d 0.042 <.0001 <.0001 0.0560 

Revenue3 ($/bird) 6.088a 5.601b 5.684b 5.734b 5.138c 4.488d 0.079 <.0001 <.0001 0.0209 

Gross Profit Margin4 ($/bird) 2.469a 2.156b 0.853c 0.243d -1.444e -3.103f 0.076 <.0001 <.0001 <.0001 

CBR5 1.725a 1.670b 1.170c 1.023d 0.743e 0.544f 0.017 <.0001 <.0001 <.0001 
1Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

2Derived by adding the overall cost of feed consumed (kg/bird) to the cost of chick ($/bird) 
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3Derived by multiplying live price based on BW category (1.8690$/kg for diets 0+AGP, 0, 12.5, 25, and 50, 1.8315$/kg for diet 100) 

(Chicken Farmers of Ontario, 2021) and Final BW. 

4Derived by subtracting cost of production from revenue 

5Derived by dividing revenue by cost of production.  

6Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100 

Within a row LSMeans with different superscripts differs, P<0.05.  
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CHAPTER 5: Impact of complete replacement of soybean meal with black soldier larvae 

meal on metabolic and physiological responses in broiler chickens 

 

5.1 Abstract 

There is a growing interest in the use of black soldier fly larvae meal (BSFLM) as a more 

sustainable, and functional protein ingredient. However, consistent with the literature, we observed 

growth depression in broilers fed higher levels of BSFLM in chapter 4. Therefore, we further 

examined metabolic and physiological responses in broilers fed various levels of BSFLM. The 

experimental design, diets, and statistical analysis are detailed in chapter 4. On d 24 and 49, cardiac 

blood samples, cecal contents, and jejunal samples were taken from 2 random birds per pen for 

plasma amino acid (AA), biochemical constituents, and histology analysis, along with the right leg 

on d 49 for bone health determination. Litter samples were collected and pooled across d 45-47 

for litter quality analysis. On d 24, BSFLM linearly (P<0.05) increased plasma concentration of 

His, Lys, Met, Thr, Val, Pro, Ser, Tyr, while linearly (P<0.05) decreasing Arg. Likewise, on d 49, 

BSFLM linearly (P<0.05) increased plasma Lys, Met, Thr, Ala, Cys, Ser, while linearly (P<0.001) 

decreasing Arg. On d 24, there was a linear increase (P<0.05) in plasma gamma-

glutamyltransferase (GGT), creatine kinase (CK), plasma uric acid, and calcium, and a quadratic 

increase (P<0.05) in phosphorus and sodium in response to BSFLM levels. On d 49, GGT 

increased quadratically (P<0.05), and potassium and chlorine linearly decreased (P<0.05) in 

response to increasing BSFLM. On d 49, the BSFLM linearly reduced (P<0.05) tibia length and 

diameter, and (P<0.001) femur diameter, while increasing (P<0.01) tibia and femur weight. During 

d 45-47, there was a linear increase (P<0.01) in litter dry matter, sodium, ammonium nitrate, and 

phosphorus, a quadratic increase (P<0.001) in sodium, and a linear decrease (P<0.001) in 

potassium.  In conclusion, high circulating plasma AA combined with elevated uric acid and 

altered mineral metabolism suggested reduced protein synthesis likely due to AA imbalance. This 

may explain previously observed depression in growth in broilers fed diets high in BSFLM. 

Further research is required to unravel post-absorptive AA utilization of BSFLM. 

Key Words: Broiler Chicken, Black Soldier Fly Larvae Meal, Amino Acid, Plasma Biochemistry 
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5.2 Introduction 

 In response to significant and continuous growth in the poultry industry, there has been a 

growing interest in BSFLM as an alternative protein and energy source in broiler diets (van Huis, 

2015). The BSFLM has been identified as an environmentally sustainable protein alternative 

(van Huis, 2015) and is thought to provide some functional benefits through the chitin content 

and high concentrations of medium-chain fatty acids, which could promote gut and immune 

health in broilers (Rimoldi et al., 2019). However, research to date, supported by the results 

presented in chapter 4, has suggested that BSFLM is not viable as a full replacement for soybean 

meal as it can cause poor growth performance through decreased body weights, feed 

consumption, and increased FCR and organ weights. Therefore, BSFLM may only be beneficial 

as a replacement for 25% or less of the soybean meal in broiler rations (Dabbou et al., 2018; 

Murawska et al., 2021; Onsongo et al., 2018; Schiavone et al., 2019). 

 Key findings from the previous chapter lead to the understanding that components in 

BSFLM such as chitin and fatty acid content could be modulating the gut microbiome at low 

inclusion (<25%) and depressing growth performance at higher inclusion (>50%). Chitin is 

representative of much of the fiber content in BSFLM and therefore increases the NDF value as 

the level of BSFLM increases in the diets (chapter 4). Increased NDF leads to the increase in 

gizzard weight (Kiarie & Mills, 2019), as well as reduced nutrient digestibility via reduced 

digesta transit time through the gut (Krás et al., 2013). The fermentation of BSFLM in the ceca 

by gut bacteria coupled with the high concentration of NDF could also lead to changes in the gut 

microbiome causing the intestinal walls to thicken, reducing nutrient absorption and increasing 

the use of nutrients for mucosa synthesis (Bean-Hodgins & Kiarie, 2021; Krás et al., 2013). This 

could be a contributing factor to reduced amino acid availability, however as observed in chapter 

4, the Arg:Lys ratio was imbalanced due to an Arg deficiency, which impacts the use of other 

amino acids for protein synthesis (Balnave & Barke, 2002). Along with increased NDF, there is 

also an increase in starch content as the level of BSFLM increases in the diet, due to the 

rebalancing of corn in the diet. Seeing as excess starch is converted to glucose and hence stored 

as adipose tissue, BSFLM may alter fat metabolism leading to fat accumulation in the liver, 

rather than in the tissue, resulting in fatty liver syndrome (Qureshi et al., 2004). Alternatively, 

BSFLM may cause an increase in metabolic activity due to the catabolism of unused amino 

acids, which in turn lead to liver hypertrophy (He et al., 2021), or the lack of bioavailable 
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methionine, being a lipotropic compound, also resulted in altered fat exportation out of the liver, 

causing fatty liver syndrome (Kalbande et at., 2009). However, the fatty acid profile of BSFLM 

is seen to be ideal for enhancing immune function, via high amounts of MCFA such as lauric and 

myristic acid (Dörper et al., 2020). Therefore, a sustained supply of this fat sourced from BSFLO 

could be a factor influencing improved performance at lower levels of BSFLM inclusion 

(Dabbou et al., 2018; de Souza Vilela et al., 2021). This thought is supported by increased bursa 

weight as larger bursas suggests improved immune responses (Guo et al., 2003). Given the 

results of chapter 4, it is worthwhile to further investigate the physiological and metabolic 

indicators resulting from BSFLM inclusion such as blood serum parameters, SCFA profile in the 

ceca, jejunal histology, bone size and ash concentration, and litter quality, to provide a bigger 

picture of the effects leading to improved growth performance with low levels of BSFLM and 

depressed growth performance with high levels of BSFLM. Given a better understanding of 

effects, alterations to the diet formulations can be made to ameliorate the results of BSFLM 

inclusion. 

 Therefore, the objective of this study was to examine the metabolic and physiological 

impacts of BSFLM inclusion in broiler diets to contribute towards the understanding of why 

broilers exhibit improved and depressed growth performance when fed low vs high levels of 

BSFLM. The hypothesis of this study was that broilers will experience (1) improved growth 

performance ≤25% BSFLM inclusion due to the increase in chitin resulting in increased 

microbiome diversity, and the increase in antimicrobial MCFA sourced from the BSFLO. 

Additionally, broilers will experience (2) depressed growth performance ≥50% BSFLM 

inclusion due to overall reduced amino acid availability, and a deficiency in arginine, which 

impacts the bioavailability of other essential amino acids.  

5.3 Materials and Methods 

 The University of Guelph Animal Care and Use Committee approved the animal care and 

use protocols (AUP#4403) and birds were cared for in accordance with the Canadian Council on 

Animal Care guidelines (Canadian Council on Animal Care, 2009). 

5.3.1 Experimental Design 

The experimental design was set up according to chapter 4, where 24 Ross x Ross 708 

broiler chicks were assigned to each of the 48 floors pens, spread across four identical, 

environmentally controlled rooms in a completely randomized block design. The trial took place 
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from d 0 to 49, throughout which the birds had free access to water via nipples and feed via 

feeders. The environmental conditions were maintained based on breeder recommendations 

(Aviagen, 2014) and Arkell Poultry Research Station standard operating procedures. Six 

experimental diets were fed to the broilers, as detailed in chapter 4.  

5.3.2 Experimental Procedures 

The birds were monitored according to chapter 4 throughout the duration of the trial. In 

addition, samples were collected on d 24 and 49 from 2 random birds per pen, sacrificed via 

cervical dislocation, for analysis of physiological and metabolic effects of BSFLM. Cardiac blood 

was taken throughout the sampling day (over ~8 hours) and pooled on a per pen basis. The blood 

was kept on ice and spun directly after collection where the plasma was collected and frozen at -

20°C for further analysis. The cecal contents were emptied and collected then frozen at -20°C for 

further analysis of the SCFA profile. Mid-jejunal intestinal samples were also collected, washed 

with saline, and stored in formalin. On d 49, the right leg from 2 birds per pen was collected for 

analysis of bone quality, and on d 45, 46, and 47 litter samples were collected once a day from 

various locations around each pen, avoiding areas under the feeders and water line, and pooled 

together. A representative sample was then taken per pen for further analyses. 

5.3.3 Sample Processing and Laboratory Analyses 

One portion of plasma was analyzed for the amino acid profile using ultra-performance 

liquid chromatography (UPLC; Waters Corporation, Milford, MA, USA). The samples were 

prepared according to the AccQ●Tag method and UPLC. Briefly, plasma samples were mixed 

with 10% sulfosalicylic acid containing 250 pmol/µL norvaline, centrifuged, then the supernatant 

was collected for derivatization. The derivatization method is detailed in chapter 4. The plasma 

amino acid concentrations were calculated by dividing the area under the peak (identified with 

Waters Empower 2 Software) by the associated area of the Norvaline peak, multiplying by the 

corresponding relative response (standard amino acid area/standard Nval area), multiplying again 

by the mixed calibration standard (diluted x10) of 0.25mM, and multiplying by 1000. The 

second portion of plasma was sent to Animal Health Laboratory (AHL) (University of Guelph) 

for avian biochemistry analysis.  
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The cecal samples were prepared for SCFA analysis by mixing with H2SO4 buffer, 

centrifuging, then mixing the supernatant with the buffer once again for 2x dilution before running 

in high-performance liquid chromatography (HPLC) according to Leung et al.(2018).  

The jejunal samples were processed for histology slides within 48 hours of collection by 

taking a circular and longitudinal cut from each sample and pooling the samples per pen into 

cassettes. The cassettes were sent to the AHL (University of Guelph) for the preparation of 

histology slides. Once histology slides were obtained, they were read under a Leica DMR 

microscope at 5x magnification, and VH and CD (µm) were recorded at 10 different points using 

a calibrated micrometer.  

The tibia and femur from each sample were completely cleaned of all muscle and tissue, 

then measured for length and diameter using an electronic caliper. The ash concentration was then 

determined for each bone sample. The bones were placed in crucibles and the wet weight was 

recorded, the bones were placed in an oven for 24 hours at 100°C, then the dry weight was 

recorded. The bones were ashed in a furnace for 8hrs at 550°C, the weight of the ash was then 

recorded. 

 Litter samples were sent to the Agriculture and Food Laboratory (University of Guelph) 

for analysis of total Kjeldahl nitrogen, ammonium-N, phosphorus, potassium, sodium, and dry 

matter (Agriculture and Food Laboratory, 2021).  

5.3.4 Calculations and Statistics 

The VH: CD ratio was determined by dividing the VH by the CD (VH/CD). The bone 

ash concentration was calculated by dividing the ash weight (g) by the dry bone weight (g) and 

multiplying by 100% ((ash weight/bone weight)*100).  

 The statistical model for this study is detailed in chapter 4. The data were analyzed using  

the SAS program via the Proc Glimmix procedure, Tukey-Kramer test, and linear and quadratic 

contrast statements. A p-value of 0.05 was considered significant. 
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5.4 Results 

5.4.1 Metabolic Indicators 

 Table 5.7.1 presents the plasma amino acid profile in broilers fed increasing levels of 

BSFLM on d 24. There was a linear decrease (P<0.05) in Arg, and a linear increase (P<0.05) in 

His, Lys, Met, Thr, Val, Pro, Ser, Tyr, total indispensable, and total dispensable amino acids. For 

Lys, diet 100 was significantly higher (P<0.0001) than all other diets, and diet 50 was also higher 

(P<0.0001) than diets 0+AGP and 0. For Thr, diet 100 was higher (P<0.0001) than all other 

diets, and diet 50 was higher (P<0.0001) than diets 0+AGP, 0, and 12.5. For Val, diet 100 was 

higher (P=0.0001) than diets 0+AGP, 0, 12.5, and 25. For Ser, diet 100 was higher (P<0.0001) 

than diets 0+AGP, 0, 12.5, and 25, and diet 50 was higher (P<0.0001) than diet 0+AGP. Lastly, 

for total indispensable amino acids, diet 100 was higher (P<0.0001) than all other diets, however, 

diet 50 was higher (P<0.0001) than diet 0, and intermediate to diets 0+AGP, 12.5, and 25. Diets 

0+AGP, 12.5, and 25 were not different in total indispensable amino acids.  

  Table 5.7.2 presents the plasma amino acid concentrations on d 49. There was a linear 

decrease (P<0.0001) in Arg, and a linear increase (P<0.05) in Lys, Thr, Ala, Pro, Ser, total 

indispensable and dispensable amino acids, and an increase (P<0.05) in Met and Cys, which was 

not identified to be linear or quadratic. For Arg, diet 0 was significantly higher (P<0.0001) than 

diets 0+AGP, 50, and 100, whereas diets 12.5, and 25 were comparable to both diets 0 and 

0+AGP. Diet 100 was lower (P<0.001) than diets 0+AGP, 0, 12.5, and 25. For Lys, diet 100 was 

higher (P<0.0001) than all other diets, however, all other diets were similar. For Met, diets 25 

and 100 were higher (P<0.01) than diet 0+AGP. For Thr, diet 100 was higher (P<0.0001) than 

diets 0+AGP, 0, 12.5, and 25, whereas diet 0+AGP was the lowest (P<0.0001). For Ser, diets 50 

and 100 were higher (P<0.0001) than diets 0+AGP, 12.5, and 25, whereas diet 0 was comparable 

to all other diets. Lastly, for total indispensable amino acids, diet 100 was higher (P<0.0001) 

than diet 0+AGP, however, diets 0, 12.5, 25, and 50 were intermediate.  

 Table 5.7.3 presents the plasma biochemistry results on d 24. There was a linear increase 

(P<0.05) in calcium, and a quadratic increase (P<0.05) in phosphorus and sodium, however, 

there were no significant differences among dietary treatments (P>0.05). There was also a linear 

and quadratic increase (P<0.05) in gamma-glutamyltransferase (GGT) and creatine kinase (CK) 

concentrations, where diet 0 was lower (P<0.05) than diet 50 in GGT, yet the remaining diets 

were not significantly different from either diet 0 or 50, and diet 100 was higher (P<0.01) than 
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all the remaining diets in CK. Additionally, there was a linear decrease (P<0.01) in lipase, and a 

quadratic increase (P<0.05) in total protein where diet 0 was lower (P<0.05) than diet 12.5, yet 

the remaining diets were similar to both diets 0 and 12.5.  

Table 5.7.4 presents the plasma biochemistry on d 49. There was a linear decrease 

(P<0.05) in potassium and chlorine where diet 0 was higher (P<0.01) than diet 100 in potassium, 

but no significant differences were identified in chlorine. There was a further quadratic increase 

in GGT as diet 0 was lower (P<0.05) than diets 25 and 50. Lastly, there was a linear increase 

(P<0.05) in uric acid, and a quadratic decrease (P<0.05) in urea, where diet 0 was higher 

(P<0.05) than diet 50 in urea.  

 Table 5.7.5 presents the SCFA of the cecal contents. On d 24, There was a linear decrease 

(P<0.05) in butyric acid, where there were no differences between the diets observed. There were 

no significant differences found in the SCFA profile on d 49.  

5.4.2 Physiological Indicators 

 Table 5.7.6 presents the histology of the mid-jejunal intestine samples. On d 24 and 49, 

the intestinal health was evaluated by VH, CD, and VH: CD yet no differences were observed in 

any of these parameters. Overall, BSFLM did not affect the intestinal histology of the birds.  

 Table 5.7.7 presents the bone quality of broilers fed BSFLM on d 49. There was a linear 

decrease (P<0.05) in tibia length, and diameter, where diet 100 was shorter (P<0.05) than all of 

the other diets, and diets 0, 12.5, and 25 were intermediate, yet higher than 50 and 100. There 

was also a linear increase (P<0.01) in tibia weight, with no change in tibia ash concentration. 

There was a linear decrease (P<0.01) in femur diameter, where diets 50 and 100 were narrower 

(P<0.01) than diet 25, and diets 0 and 12.5 were intermediate, and a linear increase (P<0.01) in 

femur weight, where diet 100 was greater (P<0.01) than diet 12.5 and all other diets were 

intermediate.  There was also no change in ash concentration in the femur.  

 Table 5.7.8 presents the litter quality results throughout d 45-47. There was a linear 

increase (P<0.01) in dry matter, and a linear decrease (P<0.0001) in potassium, where diet 100 

was lower (P<0.0001) than all of the other diets, and diet 50 was also lower (P<0.0001) than 

diets 0, 12.5, and 25. Diet 12.5 was also lower than diets 0+AGP, and 0. There was a linear 

increase in nitrogen, ammonium nitrate, and phosphorus. Diet 0 was lower (P<0.01) than diets 

50 and 100 in nitrogen, and diet 0+AGP was lower (P<0.01) than diets 25, 50, and 100 for 

ammonium nitrate. Diets 0, 12.5, and 25 were lower (P<0.01) than diets 50 and 100 in 
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phosphorus. Lastly, there was a quadratic increase (P<0.01) in sodium where diets 0 and 100 

were lower (P<0.01) than diet 25.  

 

5.5 Discussion 

 There is limited research on plasma amino acid concentrations in broilers fed BSFLM. 

There were little discrepancies in plasma amino acid concentration between the 0+AGP diet, and 

lower levels of BSFLM, indicating that there are no significant repercussions on protein turnover 

and amino acid metabolism at lower BSFLM inclusion. However, in response to increasing 

BSFLM in the diets, and particularly ≥50%, the present study found a decrease in plasma Arg 

concentration, most notably in the finisher phase, and an increase in several plasma amino acid 

concentrations, including Lys, Met, Thr, Pro, and Ser throughout the grower and finisher phases. 

Black soldier fly larvae meal is lower in Arg compared to SBM (chapter 4), causing Arg to 

become limiting and creating an imbalanced Arg:Lys ratio, which then impaired the 

bioavailability of all other amino acids for use in protein synthesis (Balnave & Barke, 2002).  

As described by literature reviewed by Balnave and Barke (2002), Arg and Lys compete 

in renal reabsorption, hence an Arg deficiency would cause excess Lys to be reabsorbed. In the 

present study, plasma Lys did increase as the level of BSFLM increased. Additionally, excessive 

plasma Lys stimulates overproduction of arginase by the kidney, an enzyme which breaks down 

arginine into urea (Khajali & Wideman, 2010), which is highly linked to decreased FI and hence 

BWG, likely as the bird attempts to mitigate the effects of an increasingly severe Arg deficiency 

(Balnave & Barke, 2002; Khajali & Wideman, 2010). Arginine is a key essential amino acid in 

broilers, which not only contributes to protein synthesis and feather development, but also 

influences the utilization of the remaining amino acids. An arginine deficiency could cause an 

increase in plasma amino acids, as these amino acids are unable to be used properly in protein 

synthesis, and are instead being diverted to catabolism in the uric acid cycle (Hevia & Clifford, 

1977). This effect would also explain the increase in uric acid observed on d 49 and support the 

idea that the increase in liver weight may be due to increased metabolic activity, as the uric acid 

occurs largely in the liver (Selle et al., 2021). Conversely, no change in uric acid was observed in 

Muscovy ducks fed up to 9% BSFLM (Gariglio et al., 2021), however, this can be explained as 

the low level of BSFLM inclusion would not have been enough to observe a significant 

deficiency in Arg.  
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Additionally, Balnave and Barke (2002) suggest that the Arg: Lys ratio is influenced by 

electrolytes such as potassium. Potassium interacts with the Lys receptors in the renal system, 

blocking them from Lys, and hence allowing more Arg to reabsorb (Balnave & Barke, 2002). 

The BSFLM is low in potassium, leading to decreased potassium in the diets as the level of 

BSFLM increases, and hence decreased potassium in the plasma, as well as in the litter. Other 

plasma constituents also align with litter quality results, such as an increase in plasma 

phosphorus and uric acid resulting in increased phosphorus and ammonium nitrate in the litter, 

and decreased plasma sodium resulting in decreased sodium in the litter. Decreased potassium 

also causes the resulting increase in dry matter of the litter as potassium intake is positively 

correlated with excessive water intake and thus wet litter (Mushtaq et al., 2019).  

Further associated with decreased plasma potassium, other key electrolytes such as 

chlorine and sodium decreased linearly on d 49 and quadratically on d 24, respectively. It is 

unclear why these observations occurred as the diets were balanced for chlorine and sodium, 

however, an overall reduced electrolyte balance can further lead to reduced BWG and FCR as 

the cells in the body are not functioning optimally (Shahbaz et al., 2004).  

Furthermore, plasma calcium and phosphorus increased quadratically as BSFLM 

inclusion increased on d 24. Given BSFLM is high in bioavailable phosphorus and calcium 

concentration (Dashefsky et al., 1976; Oonincx & Finke, 2021), the dietary content could have 

contributed to the increase. This agrees with Dabbou et al., (2018) who also observed increased 

phosphorus in broilers fed up to 44% BSFLM inclusion. However, several studies reported 

reduced calcium and phosphorus when fed both higher (100% BSFLM) and lower levels (≤12% 

BSFLM) of BSFLM (Kawasaki et al., 2019; Mat, Abdul Kari, et al., 2021). Furthermore, no 

effect on calcium and phosphorus was reported in Muscovy ducks fed up to 9% BSFLM 

(Gariglio et al., 2021), however, these studies may have used different sources of minerals in the 

diet, taking into account the phosphorus and calcium coming from the BSFLM.  

The changes seen in plasma phosphorus and calcium may have implications on bone 

growth and metabolism. In the present study, there were linear decreases seen in tibia and femur 

length and diameter with increasing dietary inclusion of BSFLM, however, no negative effects 

were observed on weight or ash concentration. Therefore, the increase in plasma phosphorus and 

calcium on d 24, could indicate early decalcification of the bone, leading to the shortening and 

narrowing of the bones, yet this effect may have been mitigated in the later stage of the trial. 
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Studies including up to 15% BSFLM saw no difference in tibia breaking force, breaking 

strength, weight, or radius (Cockcroft, 2018; Uushona, 2015), however Cockcroft (2018) did 

observed reduced tibia length in broilers fed 15% defatted larvae meal, and reduced calcium and 

phosphorus concentration in the bone, also indicating that BSFLM could lead to decalcification 

of the bone. Although feeding BSFLM to broilers could lead to adverse effects on bone health, 

there is research supporting the use of live black soldier fly larvae to promote bone health, as 

scattering up to 10% DM intake of the larvae in the pen at high frequencies leads to increased 

activity and leg bone development (Ipema, 2020). This supports the use of black soldier fly 

larvae as a functional supplement in broiler diets.  

Other notable plasma constituents include GGT and CK. Gamma-glutamyltransferase is 

known as an indicator of liver distress, most commonly being fatty liver syndrome (Rozenboim 

et al., 2016). Gamma-glutamyltransferase in the present study increased linearly and decreased 

quadratically on d 24 such that diet 0 had a lower GGT concentration compared to diet 50 and 

decreased quadratically on d 49 such that diet 0 was lower than diets 25, and 50. This elevation 

of plasma GGT supports the claim described in chapter 4, that the liver weight increases as the 

level of BSFLM increases due to the occurrence of fatty liver, however the presence of elevated 

GGT does not only indicate fatty liver syndrome, but may be elevated for many reasons leading 

to liver distress. It was reported by Gariglio et al., 2021 that up to 9% BSFLM inclusion in 

Muscovy ducks caused no change in GGT, however, this result may have been due to the lower 

inclusion level. Liver enzymes such as aspartate amino transferase (AST) also indicate the 

occurrence of fatty liver syndrome (Kalbande et al., 2009), but were unaffected by the BSFLM 

diets in the present study, suggesting that fatty liver syndrome may not have been the most likely 

cause of increased liver weight . Further studies are warranted on liver enzymes to examine the 

effects from BSFLM inclusion on liver weight. The plasma CK also increased both linearly and 

quadratically on d 24, with a significant increase seen in diet 100. Creatine kinase is known as an 

indicator of kidney distress, which correlates to the findings on the Arg: Lys ratio, and the 

ensuing increases in kidney arginase, as the most significant decrease in Arg was also seen in 

diet 100. An alternate explanation of elevated plasma CK could be that the kidneys are working 

harder to excrete excess nitrogen produced from the breakdown of excess amino acids present in 

the plasma. A similar measurement of kidney function is creatinine, which was also found to be 

unaffected with up to 9% BSFLM inclusion in Muscovy ducks (Gariglio et al., 2021), however, 
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once again, this is likely due to the lower inclusion level. This indicates that BSFLM in lower 

amounts would not cause adverse effects on digestive organs, as seen with higher inclusion 

levels.    

 Little effect was observed in SCFA on d 24 and d 49. As described in chapter 4, an 

increase in fiber content, and changes in protein source can influence bacterial populations in the 

gut, which would result in changing SCFA concentrations in the digesta (Bean-Hodgins & 

Kiarie, 2021). A decrease in butyric acid was seen on d 24. Butyric acid is linked to improved 

immunity, similar to the effects of antibiotics, and lowered pH in the gut, resulting in fewer 

harmful bacteria (Panda et al., 2009). Therefore, a decrease in butyric acid would result in higher 

pH, allowing for more harmful bacteria in the gut, and hence a thickening of the intestinal wall 

as a preventative measure against the absorption of these bacteria. This result supports the 

increase in small intestine weight seen in chapter 4.  Conversely, Kawasaki et al., 2019 saw no 

difference in SCFA’s, including acetic, propionic, and n-butyric when feeding laying hens a 

complete replacement of SBM with BSFLM. However, similar studies in laying hens and 

broilers, replacing up to 100% SBM with BSFLM observed increased acetate, propionate, 

isobutyrate, butyrate, isovalerate, and valerate, hence benefiting the bird (Borrelli et al., 2017; 

Park et al., 2021).  

 The current study observed no difference in intestinal histology of the jejunum including 

VH, CD, and VH: CD ratio, however, as expected with age, the VH was shorter on d 49 

compared to d 24. No difference in VH, CD, and VH: CD in the jejunum was also observed in 

laying hens fed 100% replacement of SBM with BSFLM (Kawasaki et al., 2019), and in broilers 

fed up to 15% replacement of SBM with BSFLM (Uushona, 2015). However, other studies 

observed shortened VH, deeper CD, and lower VH: CD ratios in the jejunum of broilers fed 

~50% BSFLM (Dabbou et al., 2018; Velten et al., 2018). These effects indicate less surface area 

for absorption and greater cell turnover which could be caused by increased harmful bacteria 

populations (Bean-Hodgins & Kiarie, 2021).  

5.6 Conclusion 

 In conclusion, the broilers experienced decreased plasma Arg concentration, most notably 

with ≥50% BSFLM, causing an imbalance in the Arg: Lys ratio, which could have been a major 

factor in reduced amino acid utilization for protein synthesis. Decreased potassium levels may 

have exasperated the amino acid imbalance. Elevated CK and GGT concentrations and decreased 
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butyric acid concentration support the suggestion of kidney involvement, and the results seen in 

liver and small intestine weights (chapter 4). The previously observed reduction in FI may be 

explained as the birds attempt to compensate for these adverse effects. Further research is required 

to unravel post-absorptive amino acid utilization when feeding high levels of BSFLM, and the 

efficacy of BSFLM supplementation for functional benefits. 
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5.7 Tables 

Table 5.7.1: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) on plasma amino acid concentrations 

(uM) in 24 d old broiler chicken   

  SBM replacement with BSFLM, %      Responses to BSFM 

Grower, d 11-24 0+AGP 0 12.5 25 50 100 SEM p-value Linear Quadratic 

Indispensable Amino Acids (uM)                     

Arg 104.9 105.2 90.8 67.6 44.0 43.7 21.688 0.0604 0.0143 0.1550 

His 21.7 12.9 28.1 14.9 21.1 39.8 7.786 0.1844 0.0302 0.4926 

Ile 139.6 143.7 135.5 154.6 134.3 137.7 15.048 0.7787 0.6156 0.9817 

Leu 57.9 51.1 52.8 55.0 40.0 46.1 16.665 0.8607 0.5174 0.7107 

Lys 154.6c 141.5c 192.9bc 209.0bc 276.4b 456.6a 28.199 <0.0001 <0.0001 0.5051 

Met 133.8 124.7 118.4 138.0 141.6 162.9 21.622 0.4639 0.0460 0.9904 

Phe 89.4 93.3 81.3 88.6 75.3 75.2 14.326 0.6244 0.1759 0.5518 

Thr 493.0c 497.4c 654.5c 742.1cb 1121.0b 1633.2a 102.890 <0.0001 <0.0001 0.8269 

Trp 84.5 76.7 81.5 92.0 79.7 50.7 18.093 0.3074 0.0651 0.1775 

Val  123.4b 119.6b 124.8b 132.4b 152.9ab 192.2a 10.883 0.0001 <0.0001 0.7430 

Total Indispensable Amino Acids 1491.5cb 1391.2c 1505.0cb 1782.8cb 2174.8b 2926.6a 168.600 <0.0001 <0.0001 0.9277 

Dispensable Amino Acids (uM)                     

Ala  610.4 635.4 734.6 847.3 823.0 869.7 83.701 0.1412 0.0805 0.2641 

Asp 64.7 75.8 77.8 71.9 74.1 77.0 8.750 0.5750 0.9017 0.5906 

Cys 80.6 90.1 82.4 89.1 85.4 98.0 14.776 0.8128 0.3954 0.5022 

Glu 94.3 102.2 109.3 115.7 115.5 108.0 12.355 0.3966 0.7745 0.1902 

Gly 539.5 544.7 627.0 573.2 720.9 787.6 129.650 0.5041 0.0886 0.8329 

Pro 322.0 306.7 330.9 375.3 356.3 434.7 38.603 0.2285 0.0239 0.9469 

Ser 463.8c 612.7bc 535.1bc 666.6bc 874.7ab 1151.0a 94.582 <0.0001 <0.0001 0.7707 

Tyr 139.4 143.6 155.7 166.8 168.3 183.3 13.745 0.2270 0.0497 0.5935 
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Total Dispensable Amino Acids 2252.6 2193.2 2182.6 2843.8 3156.2 3647.2 377.570 0.0275 0.0019 0.4810 
1Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

Within a row LSMeans with different superscripts differs, P<0.05.  

2Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100 
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Table 5.7.2: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) on plasma amino acid concentrations 

(uM) in 49 d old broiler chicken   

  SBM replacement with BSFLM, %      Responses to BSFM 

Finisher, d 25-49 0+AGP 0 12.5 25 50 100 SEM p-value Linear Quadratic 

Indispensable Amino Acids (uM)                     

Arg 128.9b 194.3a 133.4ab 134.4ab 95.9bc 66.5c 20.010 <0.0001 <0.0001 0.0382 

His 40.7 38.6 34.2 36.1 39.8 22.1 11.386 0.5938 0.1747 0.3978 

Ile 133.6 148.8 191.6 161.4 164.5 141.3 13.824 0.0899 0.1809 0.2548 

Leu 52.4 36.6 60.1 58.4 50.2 57.1 15.914 0.6357 0.4761 0.4985 

Lys 115.1b 147.7b 135.8b 167.8b 173.0b 252.7a 21.508 0.0001 <0.0001 0.3079 

Met 96.5b 112.6ab 125.3ab 155.4a 146.1ab 150.0a 12.160 0.0075 0.0565 0.0982 

Phe 73.3 81.6 96.6 118.2 83.8 78.0 24.098 0.4381 0.4400 0.3814 

Thr 411.0c 536.7bc 485.5bc 518.8bc 700.6ab 912.3a 88.614 <0.0001 <0.0001 0.4117 

Trp 44.3 41.8 73.0 61.4 49.3 54.8 18.403 0.4857 0.9037 0.6695 

Val  115.4 119.7 134.5 303.6 165.4 159.6 64.658 0.3392 0.9388 0.2553 

Total Indispensable Amino Acids 1179.0b 1426.0ab 1438.3ab 1406.3ab 1636.4ab 1862.1a 127.420 0.0045 0.0023 0.6881 

Dispensable Amino Acids (uM)                     

Ala  563.7 738.0 574.6 663.8 823.0 869.2 74.392 0.0278 0.0207 0.8223 

Asp 90.3 132.0 97.4 112.6 114.8 97.2 15.108 0.0563 0.1123 0.8107 

Cys 84.2 80.2 102.0 81.4 103.4 97.3 10.055 0.0471 0.1392 0.2497 

Glu 79.2 98.1 85.8 151.1 101.0 78.3 27.611 0.4488 0.4817 0.3160 

Gly 838.8 987.4 836.9 912.0 1070.8 1008.4 108.860 0.1359 0.2139 0.7135 

Pro 306.2 383.5 318.6 343.8 417.2 425.9 47.625 0.0707 0.0594 0.8552 

Ser 454.1b 563.9ab 435.3b 502.4b 741.2a 770.8a 53.270 <0.0001 <0.0001 0.7699 

Tyr 159.4 177.7 172.5 382.6 226.2 203.3 85.653 0.4709 0.9743 0.2998 

Total Dispensable Amino Acids 2563.2 3147.8 2610.5 2751.8 3584.7 3537.5 350.380 0.0192 0.0242 0.9593 
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1Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

Within a row LSMeans with different superscripts differs, P<0.05.  

2Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100
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Table 5.7.3: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) avian plasma biochemistry profile in 24-

day old broiler chicken 

  SBM replacement with BSFLM, %     Responses to BSFLM3 

Item2 0+AGP1 0 12.5 25 50 100 SEM P-value Linear Quadratic 

Calcium (mmol/L) 2.0 2.0 2.0 1.9 2.0 2.4 0.13 0.130 0.014 0.187 

Phosphorus (mmol/L) 1.6 1.8 1.6 1.6 1.6 1.8 0.07 0.141 0.255 0.025 

Sodium (mmol/L) 148.3 145.0 147.3 148.6 147.6 145.7 1.44 0.068 0.746 0.012 

Potassium (mmol/L) 7.5 7.1 7.3 7.2 7.3 7.1 0.22 0.337 0.528 0.263 

Chlorine (mmol/L) 113.8 112.3 113.8 114.8 114.1 113.5 1.21 0.344 0.592 0.058 

Glucose (mmol/L) 15.7 15.1 14.8 14.7 14.4 14.7 0.63 0.426 0.568 0.401 

Cholesterol (mmol/L) 3.3 3.4 3.6 3.5 3.6 3.6 0.14 0.340 0.239 0.518 

GGT2 (U/L) 8.9ab 7.9b 9.4ab 8.9ab 11.9a 10.5ab 1.32 0.033 0.020 0.040 

AST2 (U/L) 158.1 159.3 160.6 155.5 150.8 151.4 5.03 0.644 0.149 0.472 

CK2 (U/L) 2,544b 2,430b 2,347b 2,463b 2,203b 5,149a 528.17 0.002 0.0002 0.023 

Amylase (U/L) 870.2 874.3 1,110.5 783.4 914.2 970.7 139.79 0.222 0.811 0.577 

Lipase (U/L) 9.1 9.7 9.6 9.8 9.0 8.0 0.86 0.161 0.009 0.622 

LDH2 (U/L) 788.3 820.7 740.3 793.8 734.8 805.3 50.29 0.325 0.903 0.089 

GLDH2 (U/L) 4.8 5.7 5.5 5.7 5.7 5.4 0.93 0.902 0.797 0.863 

Total Protein (g/L) 24.0ab 22.6b 25.8a 23.9ab 25.1ab 24.5ab 0.68 0.040 0.312 0.089 

Albumin (A) (g/L) 12.0 11.3 12.4 11.4 12.8 11.9 0.39 0.079 0.369 0.071 

Globulin (G) (g/L) 12.0 11.4 13.4 12.5 12.4 12.6 0.53 0.183 0.528 0.397 

A: G Ratio 1.00 1.00 0.93 0.92 1.05 0.97 0.05 0.556 0.733 0.693 
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Uric acid (umol/L) 280.3 212.3 231.0 241.8 245.3 249.3 28.50 0.684 0.407 0.584 

Bile acid (umol/L) 24.8 25.8 28.2 24.4 27.0 24.4 3.62 0.804 0.537 0.719 

Co2 (mmol/L) 22.0a 21.3ab 19.8ab 20.1ab 18.6b 19.6ab 0.79 0.057 0.192 0.089 

Urea (mmol/L) 0.28 0.27 0.25 0.25 0.30 0.24 0.04 0.525 0.582 0.341 

1Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

2GGT, Gamma-gultamyl transferase; AST, Aspartate aminotransferase; CK, Creatine kinase; LDH, Lactate dehydrogenase; GLDH, 

Glutamate dehydrogenase.  

3Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100 

Within a row LSMeans with different superscripts differs, P<0.05.  
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Table 5.7.4: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) avian plasma biochemistry profile in 49-

day old broiler chicken 

  SBM replacement with BSFLM, %     Responses to BSFLM3 

Item 0+AGP1 0 12.5 25 50 100 SEM P-value Linear Quadratic 

Calcium (mmol/L) 2.2 2.2 2.2 2.4 2.4 2.4 0.09 0.460 0.141 0.309 

Phosphorus (mmol/L) 1.7 1.9 1.8 1.8 1.9 1.8 0.09 0.889 0.936 0.942 

Sodium (mmol/L) 148.3 148.6 149.0 149.0 149.4 147.5 1.93 0.914 0.449 0.399 

Potassium (mmol/L) 7.5ab 8.4a 7.4ab 8.3ab 7.6ab 7.2b 0.40 0.008 0.008 0.807 

Chlorine (mmol/L) 115.2 116.5 117.0 116.6 115.6 114.0 1.22 0.339 0.031 0.652 

Glucose (mmol/L) 15.9 16.0 16.9 16.5 16.0 15.9 0.65 0.550 0.366 0.646 

Cholesterol (mmol/L) 3.0 3.2 3.2 3.2 3.3 3.4 0.12 0.465 0.152 0.875 

GGT2 (U/L) 9.2ab 4.6b 10.6ab 12.0a 12.2a 10.1ab 2.00 0.038 0.155 0.006 

AST2 (U/L) 255.5 258.0 265.3 281.5 193.0 227.3 25.67 0.203 0.121 0.390 

CK2 (U/L) 15,951 14,184 16,748 19,652 7,017 16,994 4265.46 0.412 0.891 0.346 

Amylase (U/L) 315.1 360.1 369.8 376.5 350.0 294.5 35.95 0.543 0.108 0.489 

Lipase (U/L) 4.5 4.5 4.3 4.4 4.6 4.0 0.32 0.792 0.398 0.443 

LDH2 (U/L) 904.9 1,513.1 1,412.5 1,326.3 724.5 1,476.3 383.02 0.596 0.810 0.153 

GLDH2 (U/L) 2.5 3.9 3.3 3.6 2.9 3.5 0.38 0.141 0.573 0.150 

Total Protein (g/L) 27.5 27.9 26.9 27.5 26.6 26.8 0.79 0.808 0.362 0.507 

Albumin (A) (g/L) 13.5 13.6 12.9 13.6 13.1 13.3 0.41 0.730 0.734 0.717 

Globulin (G) (g/L) 14.0 14.3 14.0 13.9 13.4 13.5 0.57 0.884 0.302 0.504 

A: G Ratio 0.97 0.97 0.92 0.99 0.99 0.99 0.04 0.842 0.448 0.798 
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Uric Acid (umol/L) 266.3 216.5 260.3 273.8 252.5 342.1 36.10 0.282 0.028 0.787 

Bile Acid (umol/L) 23.3 20.9 24.4 23.8 21.6 22.4 3.24 0.861 0.906 0.740 

Co2 (mmol/L) 21.2 19.5 18.5 19.8 18.8 20.1 1.21 0.345 0.334 0.855 

Urea (mmol/L) 0.22ab 0.26a 0.22ab 0.24ab 0.17b 0.24ab 0.02 0.013 0.270 0.002 

1Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

Within a row LSMeans with different superscripts differs, P<0.05.  

2GGT, Gamma-gultamyl transferase; AST, Aspartate aminotransferase; CK, Creatine kinase; LDH, Lactate dehydrogenase; GLDH, 

Glutamate dehydrogenase.  

3Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100
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Table 5.7.5: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) on cecal digesta concentration (µmol/g) 

of mono sugars and short chain fatty acids (SCFA) in 24- and 49-day old broiler chickens 

  SBM replacement with BSFLM, %     Responses to BSFLM2 

 0+AGP1 0 12.5 25 50 100 SEM p-value Linear Quadratic 

Day 24            

Glucose 1.46 1.46 1.11 0.91 0.75 0.59 0.21 0.025 0.008 0.197 

Xylose 0.90ab 1.32a 0.86ab 0.83ab 0.66b 0.60b 0.16 0.018 0.004 0.046 

Arabinose 0.16 0.23 0.16 0.23 0.11 0.15 0.06 0.121 0.093 0.203 

Lactic 6.3 6.9 7.4 7.7 9.1 7.6 1.09 0.304 0.444 0.106 

Acetic 19.9 19.8 21.4 20.3 19.3 18.4 2.95 0.945 0.393 0.863 

Propionic 4.2 3.6 4.0 3.8 4.0 4.0 0.37 0.563 0.439 0.440 

Butyric 5.9 5.0 5.2 5.0 4.1 3.4 0.60 0.071 0.016 0.907 

Iso-butyric 1.8 2.0 1.6 2.4 2.3 2.4 0.52 0.454 0.175 0.668 

Iso-valeric 0.36 0.65 0.30 0.54 0.36 0.30 0.15 0.078 0.053 0.472 

Total SCFA 42.4 42.8 43.4 43.1 42.1 39.1 0.46 0.932 0.292 0.717 

Day 49                     

Glucose 0.88 0.79 0.98 0.74 0.47 0.68 0.46 0.895 0.533 0.549 

Xylose 1.8 2.0 2.3 1.8 1.6 1.8 0.22 0.302 0.222 0.250 

Arabinose 0.26 0.38 0.48 0.26 0.19 0.23 0.09 0.183 0.077 0.232 

Lactic 7.9 8.4 8.8 8.0 8.3 10.1 1.01 0.347 0.106 0.235 

Acetic 21.9 22.2 20.2 23.0 25.6 23.8 2.80 0.523 0.270 0.329 

Propionic 2.7 3.3 3.0 3.3 3.4 3.5 0.27 0.362 0.189 0.871 
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Butyric 8.8 8.3 6.9 8.2 7.6 6.4 0.99 0.295 0.162 0.713 

Iso-butyric 1.8 2.2 2.0 1.8 2.0 2.1 0.24 0.830 0.943 0.547 

Iso-valeric 0.43 0.44 0.42 0.33 0.52 0.46 0.13 0.954 0.723 0.964 

Total SFCA 49.0 51.0 49.3 51.4 52.6 52.2 0.39 0.899 0.520 0.781 

1Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

Within a row LSMeans with different superscripts differs, P<0.05.  

2Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100
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Table 5.7.6: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) on jejunal histomorphology of 24- and 

49-day old broiler chickens   

  SBM replacement with BSFLM, %     Responses to BSFLM2 

Day 24 0+AGP1 0 12.5 25 50 100 SEM p-value Linear Quadratic 

Villi Height (VH) (µm) 1,639 1,553 1,711 1,687 1,662 1,639 115.12 0.825 0.501 0.293 

Crypt Depth (CD) (µm) 240.4 254.7 272.7 264.6 268.9 242.5 14.17 0.469 0.307 0.240 

VH:CD ratio 6.8 6.1 6.4 6.5 6.3 6.4 0.36 0.847 0.841 0.723 

Day 49                     

Villi Height (VH) (µm) 1,251 1,296 1,278 1,256 1,322 1,297 136.91 0.997 0.876 0.972 

Crypt Depth (CD) (µm) 233.0 293.3 268.1 276.8 255.7 269.6 22.72 0.098 0.332 0.182 

VH:CD 6.2 5.5 5.9 5.6 6.4 5.9 0.54 0.820 0.525 0.376 

1Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

Within a row LSMeans with different superscripts differs, P<0.05.  

2Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100 
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Table 5.7.7: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) on tibia and femur attributes in 49-day 

old broiler chickens  

  SBM replacement with BSFLM, %     Responses to BSFLM2 

Tibia 0+AGP1 0 12.5 25 50 100 SEM p-value Linear Quadratic 

Length (in) 4.7ab 4.7ab 4.7ab 4.8a 4.6ab 4.6b 0.06 0.023 0.017 0.123 

Diameter (in) 0.35a 0.33ab 0.33ab 0.33ab 0.29b 0.29b 0.012 0.0004 0.0011 0.3243 

Weight (g dry bone /g BW) 3.5 3.5 3.5 3.7 3.7 3.8 0.12 0.057 0.005 0.524 

Ash concentration (%) 34.6 33.5 32.6 34.1 32.9 33.5 0.69 0.344 0.897 0.817 

Femur                     

Length (in) 3.4 3.3 3.4 3.3 3.3 3.3 0.05 0.766 0.535 0.938 

Diameter (in) 0.40a 0.39ab 0.38ab 0.39a 0.36bc 0.35c 0.010 <.0001 <.0001 0.9318 

Weight (g/g BW) 2.5bc 2.5abc 2.5c 2.5abc 2.7ab 2.8a 0.09 0.003 0.0004 0.236 

Ash Concentration (%) 35.0 33.5 32.8 32.5 32.9 33.5 1.02 0.140 0.713 0.323 

1Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

Within a row LSMeans with different superscripts differs, P<0.05.  

2Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100 
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Table 5.7.8: Effects of replacing soybean (SBM) with black soldier fly larvae meal (BSFLM) on composition of litter, dry matter 

basis1  

  SBM replacement with BSFLM, % Responses to BSFLM3 

Item 0+AGP2 0 12.5 25 50 100 SEM p-value Linear Quadratic 

Dry Matter (%) 80.8 78.7 79.6 79.0 80.5 82.0 1.37 0.109 0.006 0.937 

Potassium (% DM) 1.7a 1.7a 1.6b 1.6ab 1.4c 1.0d 0.04 <.0001 <.0001 0.348 

Nitrogen (% DM) 2.4 2.2 2.4 2.7 2.7 2.8 0.19 0.046 0.008 0.114 

NH4-N (mg/kg DM) 1,160c 1,405bc 1,497bc 1,703ab 1,826ab 2,140a 142.56 <.0001 <.0001 0.539 

Phosphorus (% DM) 1.017bc 0.935de 0.863e 0.956dc 1.071ab 1.107a 0.0297 <.0001 <.0001 0.1380 

Sodium (% DM) 0.229a 0.205b 0.220ab 0.240a 0.224ab 0.207b 0.0081 <.0001 0.230 <.0001 

1Samples collected from day 45 to 47 and pooled for analyses  

2Coccidiostat (Monteban® 100, 70 mg Narasin/kg, Elanco Canada Ltd, Guelph, ON) and antibiotic (BMD® 110 G, 55 mg Bacitracin 

Methylene Disalicilate/kg, Zoetis Canada Inc., Kirkland, QC).  

Within a row LSMeans with different superscripts differs, P<0.05 

3Contrasts in LSMeans tested among diets 0, 12.5, 25, 50, and 100 
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CHAPTER 6: General discussion and conclusions 

The global trend of increasing demand of protein is causing overproduction and volatile 

markets for the traditional protein sources used in both livestock feed, and in other industries 

(Ritchie & Roser, 2019; Saefong, 2020; Veldkamp & Bosch, 2015). Poultry is a popular protein 

option for human consumption globally, however feed costs already account for 60-70% of total 

production costs, where protein and energy drive most of the feed costs (Veldkamp & Bosch, 

2015). The volatility of current markets calls for the discovery of protein alternatives to 

complement broiler feeding programs, reducing the dependency on current products and hence 

stabilizing feed prices for producers. Additionally, the broiler industry is facing challenges with 

increasing restrictions on antibiotic use, commonly added to feeding programs to manage growth 

performance, and prevention of coccidiosis and necrotic enteritis, which can have serious health 

and financial consequences on broiler flocks (Bean-Hodgins & Kiarie, 2021). With limited 

options for optimizing immune function in broilers, nutritionists are turning towards functional 

feed ingredients to aid in stabilizing the broiler microbiome, preventing pathogens, and 

maintaining high growth performance.  

  Among several insect species, the BSF is considered a promising feed ingredient which 

can successfully replace a portion of the protein in broiler diets, and which can provide some 

functional benefits from a gut-health modulation point of view (Dörper et al., 2020; Makkar et 

al., 2014; Rimoldi et al., 2019). Black soldier fly meal is a source of high-quality protein, energy, 

and other key nutrients (Makkar et al., 2014), which is raised on food waste and organic matter 

(Ravi et al., 2020; van Huis, 2013). It therefore is low impact to produce and can aid in creating a 

circular food economy (Ravi et al., 2020). Black soldier fly meal also contains chitin, and high 

amounts of MCFA such as lauric and myristic acid (Dörper et al., 2020). Chitin is a fibrous 

substance which decreases the pH throughout the GI tract (Kiarie & Mills, 2019), and could 

possibly increase production of beneficial SCFA such as butyric acid, which stabilizes the gut 

microbiome and promotes overall gut health (Panda et al., 2009). Additionally, MCFA are 

suspected of reducing harmful bacteria populations in the gut (Dörper et al., 2020). Together, 

chitin and MCFA promote a healthy gut environment which bolsters growth performance similar 

to the effects of antibiotics (Dörper et al., 2020; Rimoldi et al., 2019). Although, more research is 

needed to assess the extent of the functional properties of BSFLM, especially as an addition to 

antibiotic-free diets. The current body of literature examining BSFLM use in broiler diets is 
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highly variable, with limited studies which examine a full range of low to high to complete 

replacement levels (Cockcroft, 2018; Dabbou et al., 2018; de Souza Vilela et al., 2021; 

Murawska et al., 2021; Onsongo et al., 2018; Schiavone et al., 2016; Velten et al., 2018). 

Furthermore, there is insufficient work focussing on the physiological and metabolic effects of 

BSFLM, such as intestine and organ health, blood serum parameters, and complimentary data 

such as bone and litter composition (Dabbou et al., 2018; de Souza Vilela et al., 2021; 

Mohammed et al., 2017; Velten et al., 2018). There is a need for more comprehensive studies, to 

examine a fuller picture of the effects from BSFLM, along with how BSFLM can fit into current 

industry challenges such as antibiotic restrictions and feed prices. Therefore, this thesis 

investigated the effects of partial to complete replacement of SBM with BSFLM in broilers, on 

growth performance, physiological and metabolic parameters.   

 This study examined 1,152 Ross × Ross 708 broilers over 49 days. The birds were 

divided into 48 floor pens and assigned one of six experimental diets. The diets included a 

control and positive control diet consisting of a basal corn-soybean diet with (AGP) and without 

(0% BSFLM) coccidiostat and antibiotics, and four BSFLM diets formulated to replace SBM at 

levels of 12.5%, 25%, 50%, and 100%. The diets were formulated for a three-phase feeding 

program (Starter; d 0-10, Grower: d 11-24, and Finisher; d 25-49) and feed and water were 

provided ad libitum throughout the trial. The BW, BWG, FI, and mortality corrected FCR were 

recorded at the end of each phase (d 10, 24, and 49), and mortality was recorded throughout the 

trial (chapter 4). On d 24, two birds per pen were sampled for organ weights (chapter 4), blood, 

jejunal tissue, and cecal contents (chapter 5). Likewise, on d 49, a further 2 birds per pen were 

sampled for organ weights, breast weight and myopathies (chapter 4), as well as blood, jejunal 

tissue, cecal contents, and the leg bone (chapter 5). In addition, pooled litter samples were 

collected from d 45-47 to assess litter quality (chapter 5), and the cost-benefit ratio was 

calculated to assess the economic practicality of BSFLM inclusion (chapter 4).  

 The results from chapter 4 showed that the highest growth performance (BW, BWG, FI, 

and FCR) on d 10 was similar for diets AGP, 12.5, and 25. The AGP, 12.5, and 25 diets 

outperformed diets 0, and 50, and diet 100 was the worst performing. On d 24 and 49, the 

performance shifted from a quadratic trend to a linear trend, so that AGP was the highest, 0, 

12.5, and 25 were similar, 50 was significantly lower, and 100 was the worst performing. 
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Throughout the trial, mortality remained consistent for diets AGP, 0, 12.5, 25, and 50, however 

mortality was significantly higher for diet 100. The results also showed that several organs 

increased in weight in response to BSFLM inclusion, including the gizzard, small intestine, 

pancreas, and liver. Additionally, the cost benefit ratio resulted in a decreasing linear trend, 

where diets 50 and 100 were not profitable for the producer, and diet 0 was the most profitable. 

The results from chapter 5 showed several plasma amino acids concentrations increased in 

response to BSFLM inclusion. On d 24, Arg decreased and His, Lys, Met, Thr, Val, Pro, Ser, and 

Tyr increased, and on d 49, Arg decreased, and Lys, Thr, Met, Cys, Ala, Pro, and Ser increased. 

Additionally, on d 24, there was an increase in plasma calcium, sodium, GGT, and CK, and a 

decrease in plasma phosphorus. On d 49, there was an increase in plasma GGT and uric acid, and 

a decrease in plasma potassium and chlorine. There were no significant results in the SCFA data 

on a 24 or 49, except for a linear decrease in butyric acid in response to BSFLM inclusion on d 

24. There were also no differences in VH, CD or VH:CD ratio in the jejunal tissue. On d 49, the 

tibia and femur resulted in generally decreased size, yet little to no change in weight or ash 

concentration. Lastly, the litter quality results support the earlier findings with observed 

decreased potassium and sodium, and increased dry matter, ammonium nitrate, nitrogen, and 

phosphorus (% DM) 

 It is widely thought that the functional properties of BSFLM result from the chitin and 

medium chain fatty acid contents. However, as seen in the present study, the improvement in 

performance commensurate to coccidiostats and antibiotics is only observed up to d 10 and only 

up to 25% replacement of SBM with BSFLM. Despite no other direct comparison to AGP diets, 

several other studies have also observed an improvement in performance up to 10% inclusion of 

BSFLM, which is seen more prominently in the later phases, contrary to the present study 

(Dabbou et al., 2018; de Souza Vilela et al., 2021). It is thought that the growth promoting 

benefits of BSFLM did not extend into the later phases in the present study due to the eventual 

decrease in FI. In the two other studies mentioned, FI was either maintained or increased, and 

therefore a fat source from BSFLM was in consistent supply to the birds, and hence had 

sustained beneficial effects (Dabbou et al., 2018; de Souza Vilela et al., 2021). In the present 

study, the BSFLM appeared to cause increasingly adverse effects on other areas of the body, 

which counteracted the beneficial effects past 25% replacement. As increasing the level of 
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BSFLM in the diets caused increased fibre content and imbalanced amino acids, the birds may 

have responded by decreasing their FI to avoid further health complications (chapter 4).  

 In the present study, ≥50% replacement of SBM with BSFLM linearly decreased 

performance, which was supported by several other studies (Murawska et al., 2021; Velten et al., 

2018). It is suggested that high amounts of chitin can impair nutrient digestibility and utilization. 

Chitin represents the fibre content of BSFLM, which is seen to have increased linearly in the 

diet, as the level of BSFLM increased. High fibre diets have been known to shorten digesta time 

and hence reduce nutrient digestibility, in turn resulting in reduced growth performance due to a 

lack of nutrient availability. Velten et al. (2018) tested 50% replacement of SBM with BSFLM in 

broilers, with and without additional AA supplementation (greater than the recommended 

amount in strain specific production guidelines). It was observed that performance worsened on 

the basic BSFLM diet, however, performance was unchanged compared to the control when 

excess AA were supplemented. This supports the idea that AA availability could be causing 

reduced growth performance in broilers fed ≥50% BSFLM (chapter 4). Furthermore, it was 

observed that in the present study Arg decreased as the level of BSFLM increased in the diets, 

resulting in deficient Arg according to the strain specific production guidelines (Aviagen, 2014) 

and a linear reduction in plasma Arg. Several other amino acid concentrations, most notably Lys,  

increased in the plasma, causing an imbalanced and deficient Arg:Lys ratio in the plasma. 

Arginine is essential amino acid in broilers which greatly impacts the utilization of all other 

amino acids for protein synthesis (Balnave & Barke, 2002). If the lack of Arg in the plasma 

prevents the remaining amino acids from being used for protein synthesis, they will be diverted 

to catabolism in the uric acid cycle. This idea is supported by the increase in plasma uric acid 

seen on d 49. Furthermore, potassium influences the Arg: Lys ratio by blocking Lys from 

reabsorption in the renal system, therefore allowing more Arg to be reabsorbed instead (Balnave 

& Barke, 2002). The decrease in potassium observed in the diets (with increasing levels of 

BSFLM), in the plasma, and in the litter quality results, all provide further evidence that the Arg: 

Lys imbalance is causing altered amino acid metabolism, resulting in reduced protein synthesis 

and hence growth (chapter 5). It is suggested that further performance studies should consider 

the addition of synthetic amino acids, namely Arg, and possibly potassium as well to diets 

formulated with BSFLM.  
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 Several organ weights increased with increasing level of BSFLM in the current study, 

however additional studies observed no difference in organ weights up to 15% inclusion of 

BSFLM (Mohammed et al., 2017; Onsongo et al., 2018; Schiavone et al., 2016). Yet, an increase 

in liver weight was observed with 75% replacement of SBM with BSFLM (Murawska et al., 

2021), suggesting that organ weights can be impacted by BSFLM inclusion at high levels. Little 

is currently known regarding the mode of action of BSFLM on organ function, however, the 

effects can be speculated based on the knowledge currently established. It is well-known that 

gizzard weight will increase in response to high fibre diets (Kiarie & Mills, 2019), and hence 

given the increasing fibre content with increasing levels of BSFLM in the experimental diets, it 

is indicative that the highly fibrous chitin material in the diets results in increasing gizzard 

development, and hence overall weight. Although not directly observed in the present study, 

increased gizzard development is also linked to decreased pH in the GI tract, which can create an 

environment unconducive to pathogenic bacteria (Kiarie & Mills, 2019). Furthermore, despite an 

observed decrease in butyric acid in the present study, some authors report that the fermentation 

of fibrous material in BSFLM causes an increase in SCFA (butyric and acetic acid), which is 

also linked to decreased pH in the intestinal tract and supports a healthy gut microbiome, with 

reduced number of harmful bacteria (Borrelli et al., 2017; Panda et al., 2009; Park et al., 2021). 

Furthermore, it was also observed that small intestine weight increased with increasing levels of 

BSFLM. Research to date has established that AGP inclusion in the diet will also significantly 

reduce the number of harmful bacteria in the gut (Coates et al., 1955). This leads to a thinning of 

the intestinal wall due to a reduced need for prevention against pathogens, and hence easier 

absorption of nutrients across the intestinal wall (Coates et al., 1955; Madge, 1969). This result 

was observed in the present study, as the AGP diet had the lowest intestinal weight. As the level 

of BSFLM increased in the diet, it is suggested that the microbiome in the intestine changes, 

resulting in increased bacterial populations, and hence a thickening of the intestinal wall as a 

preventative measure (Bean-Hodgins & Kiarie, 2021). Not only is this result observed in the 

small intestine weights, but it further exasperates the impaired nutrient availability and reduced 

growth performance. The impacts on pancreas and liver weights are slightly more obscure as it is 

thought that altered metabolism may be causing feedback loops that are not fully understood, or 

that there are anti-nutritional factors present in BSFLM which have not yet been identified, 

similar to the observed effect from trypsin inhibitors in untreated SBM (Pacheco et al., 2014). 
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The increase in liver weight could be due to increased use for breaking down excess amino acids 

which are not being used for protein synthesis (He et al., 2021) as earlier discussed, or it could be 

due to the increase in starch content in the diets, or lack of bioavailable methionine, resulting in 

altered fat metabolism and hence fatty liver syndrome (Qureshi et al., 2004) (chapter 4).  

 Overall, the results from the present study indicate that in low amounts (≤25% 

replacement of SBM), BSFLM could support a healthy gut environment and immune function 

via the fibrous nature of chitin, which could reduce the pH throughout the GI tract and increase 

production of SCFA’s such as butyric and acetic acid, and high amounts of medium chain fatty 

acids. However, BSFLM may only ever be a complement to more complex, functionally 

developed feeding program. The use of BSFLM in high amounts (≥50% replacement of SBM) 

resulted in depressed BW, BWG, FI, and FCR, where a complete replacement of SBM with 

BSFLM also significantly increased mortalities. Based on plasma amino acid concentrations, and 

supporting evidence from liver weights, litter quality, plasma uric acid concentrations, and 

plasma GGT and CK concentrations, it is thought that an arginine deficiency caused reduced 

utilization of amino acids for protein synthesis, directing them to catabolism in the uric acid 

cycle, this effect could have been further exasperated by reduced nutrient absorption in the small 

intestine and reduced potassium levels in the BSFLM. The addition of synthetic amino acids may 

correct this effect; however, the use of synthetic amino acids would further add to the cost of the 

diet. Furthermore, elaborate facilities and stringent regulations required for BSFLM production 

in Canada makes this product not economically feasible in amounts ≥50% replacement of SBM 

with BSFLM. It is therefore not recommended that BSFLM be used to replace more than 50% of 

the SBM in commercial broiler diets. However, further studies examining arginine and 

potassium supplementation may provide more successful results, and complete replacement of 

SBM with BSFLM may become feasible in parts of the world where BSFLM production is more 

economical than SBM.   
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