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Abstract

:

The production of soybean meal (SBM) has a substantial impact on the environment and reducing its inclusion in poultry diets by using alternative protein sources, such as insect meal, is an important challenge for nutritionists. This study aimed to compare the productive performance of broiler chickens fed one of two isonitrogenic (195 g/kg CP) and isocaloric (12.91 MJ/kg) diets. The first diet contained SBM as the main protein source, whereas SBM was completely replaced by defatted meal from Black Soldier Fly larvae (Hermetia illucens L.; BSFL) in the second diet. Compared to the BSFL diet, the final body weight (BW) and weight gain (WG) of birds fed the SBM diet was ~17% greater and feed was utilised 19% more efficiently (p < 0.05). The differences in WG and FCR were supported by improved energy metabolism metrics, fat digestibility and digestibility of acid detergent fibres (ADFD) (p < 0.05). The present study shows that a complete replacement of dietary SBM with BSFL meal must be achieved with care, ensuring that all other factors (e.g., insect processing technology, feed additive supplementation, non-protein nitrogen accounting, mineral balance, fatty acid profile, amino acid supplementation) have been considered.
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1. Introduction


To meet the growing global demand for poultry meat, production has increased from 9 million tonnes in 1961 to 133 million tonnes in 2020 [1]. Overall, poultry meat represented almost 40 percent of global meat production in 2020. Intensively reared meat birds require over 20% of high-quality dietary protein, including the indispensable amino acid lysine, which is usually the first limiting amino acid [2]. Soybeans contain high levels of crude protein comprising of amino acids, including lysine and other important nutrients, making them valuable for the poultry feed sector. However, due to growing global demand for soybean meal (SBM), the price is continuously increasing, thus making SBM one of the most expensive components in typical non-ruminant diets [3]. In addition, soybean production is increasingly associated with change of land use (e.g., deforestation), resulting in a negative impact on the environment [4]. Although research has been carried out on the use of various European produced plant protein sources including field beans [5], distilled dried grains with solubles [6], sunflower meal [7] and rapeseed meal [8], there are still limits on the suitability of their amino acid profiles, nutrient availability and yield. Thus, there is a requirement for new, sustainable and easy-to-produce alternative protein sources for the modern poultry industry. Terrestrial invertebrates, e.g., insects, are considered a promising high-quality sustainable source of dietary fat and protein for poultry [9,10,11]. However, the feeding value of insects for poultry is variable, particularly due to processing methods (e.g., heating, drying) [12]. Regardless, insect-based feed materials may be essential for decreasing the dependence of the European poultry industry on imported SBM [13,14]. In addition, insects can be part of a circular economy whereby they do not compete with humans for resources, utilising organic waste to grow [15]. However, the optimum amount of insect meal that can be incorporated in poultry diets to guarantee optimal animal productive performance still needs to be established. For example, insect meal has been reported to replace 100% of SBM in some studies [16]; however, others observed reduced nutrient digestibility and performance when replacing over 25% of SBM with insect meal [17,18,19,20]. Thus, it has been hypothesised that a complete replacement of SBM with insect meal in well-balanced diets will bring the same growth performance results when fed to broilers.



The aim of this study was to compare the production performance of broiler chickens, including feed intake (FI), weight gain (WG) and feed conversion ratio (FCR), when fed one of two isonitrogenic (195 g/kg CP) and isocaloric (12.91 MJ/kg) diets. The first diet contained SBM as the main protein source, whereas SBM was completely replaced by defatted meal from Black Soldier Fly larvae (Hermetia illucens L.; BSFL) in the second diet. The impact of these diets on N-corrected apparent metabolisable energy (AMEn), nutrient digestibility and litter quality was also studied.




2. Materials and Methods


2.1. Insect Meal Sample and Experimental Diets


The insect meal sample used in this experiment was from larvae (no older than 17 days) of the Black Soldier Fly (Hermetia illucens L.; Diptera: Stratiomyidae) and was purchased from HexaflyTM (Navan, Co., Meath, Ireland) (Table 1). The production process followed EC regulations [21], whereby the product was pre-washed and then oven-cooked for between 15 and 20 min at 120 °C. Following this step, the product was transferred to a 60 °C oven for conditioning for 40 min before fat separation. The dry product was processed through a screw press (OLEXA®, Arras, France) to separate the dry meal (defatted BSFLM) from the fat component. Two isocaloric and isonitrogenic diets were produced containing 12.91 MJ/kg metabolisable energy (ME) and 195 g/kg crude protein (CP) (Table 2). One of the diets was formulated with the main component being 317 g/kg maize, 280 g/kg wheat, 230 g/kg soybean meal (SBM diet). The other diet was formulated with 290 g/kg maize, 428 g/kg wheat and 160 g/kg BSF (BSF diet) without any inclusion of SBM. Both diets contained 80 g/kg sunflower meal. The diets were formulated to approximate breeders’ recommendations for the growing phase of this genotype (Aviagen Ltd., Edinburgh, UK). The insect mela was finely milled from the producer. Cereals were milled by hammer mill and 6 mm mesh. All diets were supplied with 5 g/kg of TiO2 as an indigestible feed marker.




2.2. Birds, Management and Sample Collection


The experiment was conducted at the poultry research facility of Trakia University (Stara Zagora 6000, Bulgaria) and approved by the University Research Ethics Committee. The study was designed in compliance with the guidelines of the European and Bulgarian legislation regarding the protection of animals used for experimental and other scientific purposes [22] put into law in Bulgaria with Regulation 20/2012. A total of 80 day-old female broiler (Ross 308) chicks, obtained from a commercial hatchery (Martivo—Rumen Kirchev Ltd., Sliven, Bulgaria), were raised in a single-floor pen until 10 d and fed a commercial broiler starter diet (230 g/kg CP and 12.56 MJ/kg AME). At 10 d age, 72 broilers, excluding light or heavy birds, were allocated to 24 pens, each holding 3 birds. The pens had a wire-mesh floor and were equipped with individual feeders and drinkers. Birds were raised under standard rearing conditions for broiler chickens (Aviagen Ltd., Edinburgh, UK). Each diet was fed to 12 pens following randomisation. Birds and feed were weighed at the start (at 10 days old) and at the end of the study (at 28 days old), at which point FI, WG and FCR were determined. Excreta were collected for three days from 25 to 28 d of age, oven-dried at 60 °C, milled and used for the determination of dietary AMEn, total tract dry matter and nutrient digestibility coefficients. At the end of the study, all birds were humanely killed via cervical dislocation and then the ileal contents, from vitelline diverticulum to ileo-caecal junction, were collected and pooled by pen. Pooled samples of digesta were then mixed, oven-dried at 55 °C, milled and used for determination of the ileal nitrogen digestibility coefficient (NDi).




2.3. Laboratory Analysis


Dry matter (DM) of feed, BSFL and excreta samples was determined by drying of samples in a forced-draft oven at 105 °C to a constant weight [23]. Crude protein (CP; 6.25 × N) in feed, BSFL, digesta and excreta samples was determined by the combustion method [24] using a LECO FP-528 N (Leco Corp., St. Joseph, MI, USA). Oil (as ether extract) was extracted with petroleum ether by the ether extraction method [25] using a Soxtec system (Foss Ltd., Warrington, UK). The gross energy (GE) values of the feed, BSFL and excreta samples was determined in a bomb calorimeter (model 6200; Parr Instrument Co., Moline, IL, USA) as previously reported [26]. Acid detergent fibre (ADF) and neutral detergent fibre (NDF) contents in the excreta, feed and BSFL, plus acid detergent lignin (ADL) content in feed and BSFL, were determined as described by Van Soest et al. [27]. Crude ash, individual minerals and amino acids (AA) contents in BSFL were analysed following standard techniques as previously defined [28,29]. Titanium dioxide in feed and digesta, to calculate NDi, was determined by the adapted procedure of Leone [30].




2.4. Calculations


The content of chitin in BSFL was determined as described by Hanh et al. [31].


Chitin = ADF − ADL








where ADF (g) = acid detergent fibre; ADL (g) = acid detergent lignin.



The AMEn value of the experimental diets was determined following the method of Hill and Anderson [32].


AMEn = ((GE Intake − GE Output − 34.39 × N Retained))/(Feed intake)








where AMEn (MJ/kg) = N-corrected apparent metabolisable energy content of the diet; GE = gross energy of the diet and excreta, respectively; GE Intake = GE of diet multiplied by feed intake; GE Output = GE of excreta multiplied by excreta voided; 34.39 (MJ/kg) = energy value of uric acid. The retained N was calculated as


N Retained = N Intake − N Output








where N Intake = N in diet multiplied by feed intake; N Output = N in excreta multiplied by excreta voided.



The energy conversion ratio (ECR) was also determined as the AMEn ingested to achieve the weight gain over the period of 7 to 21 d of age.


ECR = (AMEn Intake)/(Weight gain)








where AMEn Intake = dietary AMEn multiplied by average daily feed intake; Weight gain = average daily weight gain. The ECR describes the relative efficiency of the use of metabolisable energy for growth, implicit that a more efficient energy use towards growth is related to a lower ratio.



Total tract dry matter digestibility (DMD) coefficient was calculated using the following equation:


DMD = (Dry matter intake − Dry mater output)/(Dry matter intake)








where Dry matter intake = dry matter of diet multiplied by feed intake; Dry matter output = dry matter of excreta multiplied by dry excreta voided.



Total tract dietary nutrient digestibility coefficients were calculated using the following equation:


Total tract nutrient digestibility = (Nutrient intake × Nutrient output)/(Nutrient intake)








where Nutrient intake = feed intake multiplied by respective nutrient; Nutrient output = dry excreta voided multiplied by the respective nutrient.



Ileal nitrogen digestibility coefficient (NDi) was calculated using the following equation:


NDi = ((N/Ti)Diet − (N/Ti)Digesta)/((N/Ti)Diet)








where (N/Ti) Diet = ratio of the nitrogen to titanium in diet, and (N/Ti) Digesta = ratio of the nitrogen to titanium in ileal digesta.




2.5. Statistical Analysis


Performance data were analysed using Genstat (22nd edition) statistical software (IACR Rothamsted, Hertfordshire, UK). Comparisons among the studied variables were performed using one-way ANOVA. Data were checked for homogeneity and normality prior to ANOVA. Results were considered significant at p < 0.05. Data are expressed as means and their pooled standard errors of means (SEM).





3. Results


The analysed chemical composition (g/kg) of the BSFL meal is presented in Table 1. The BSFL had 963 g/kg DM and contained 22.04 MJ/kg GE. Crude protein was the main constituent in the BSFL meal followed by crude fat. The BSFL meal contained 512 g/kg CP, 171 g/kg CF, 85 g/kg ash, 319 g/kg NDF, 82 g/kg ADF, 26.7 g/kg lignin, 55.3 g/kg chitin, 9.0 g/kg calcium and 6.9 g/kg phosphorus, from which 5.2 g/kg was available. Among the indispensable AAs, the contents of leucine, lysine and valine were the highest, and the lowest content was determined for methionine. Glutamic and aspartic acids were the main dispensable AAs, with cystine having the lowest content.



The proximate and carbohydrate analyses of the two experimental diets are presented in Table 2. The SBM diet had 0.4 MJ/kg greater GE, contained 35 g/kg more crude fat but had 15 g/kg less CP compared to the BSFL diet. The SBM diet also contained more ADF and ADL, but less NDF than the BSFL diet.



Table 3 presents information on growth performance variables, AMEn and the efficiency of energy utilisation in female broilers (10–28 d). There were no differences (p > 0.05) in initial bird BW. Final BW and WG of birds fed SBM diet was about 17% higher and they utilised feed 19% more efficiently compared to BSFL-fed birds (p < 0.05). However, there were no differences in daily FI (p > 0.05), although the intake of AMEn tended (p < 0.1) to be higher in birds fed the SBM diet. The differences in WG and FCR were supported by increased dietary AMEn (p < 0.001), AMEn:GE ratio and the ECR (p < 0.05).



Results of nutrient digestibility coefficients and excreta variables are shown in Table 4 at study end point (28 d). Coefficients of DMD and total tract fat digestibility (FD) were lower for the BSFL diet (p < 0.05 and <0.001, respectively) compared to SBM. There were no statistically significant differences (p > 0.05) between diets for NDi and total tract nitrogen digestibility (NDt) coefficients. There was no difference in NDF digestibility (NDFD) between the two diets (p > 0.05). However, the ADF digestibility (ADFD) of the SBM diet was approximately 44% greater (p < 0.001) compared to BSFL diet. The moisture of fresh excreta was 6% higher in birds fed the SBM diet (p < 0.001). Birds fed SBM diet voided 23% more fresh excreta (p < 0.05) comparted to BSFL fed birds. No difference was observed between dry excreta voided (p > 0.05).




4. Discussion


The observed minor differences in protein and fat contents of the diets between analysed and calculated values are likely explained by differences in the nutrient composition of the actual ingredients that were used and the values used in the software when formulating the diets. The analysed composition of BSFL was within expected values [19,33,34]. However, variations in fat, protein and chitin content of BSFL are recognised and mostly depend on larvae age and rearing substrate [15,35]. The ADF content of BSFL is closely associated with the chitin content of insects. Typically, ADF is further adjusted for amino acid [36] or ADL, (Hahn et al. [31] content, to increase the accuracy of chitin determination. Thus, variation in chitin content may be expected depending on the method of calculation selected.



Birds remained healthy during the study with two cases of unexplained mortality, one on each diet. It should be noted that the BW of the birds was lower than Ross 308 female broiler target weight, possibly due to being fed mash rather than pelleted feed and being kept in small groups [36,37,38]. However, this was not considered to be detrimental to the experimental objectives. Mash diets may be more susceptible to selective feeding of dietary ingredients, however this is likely to be limited in practice and no measurements are available for the present study.



In an experiment with quail, Cullere et al. [33] reported no difference in FI, WG and FCR between birds fed isocaloric and isonitrogenic diets containing 0%, 10% and 15% of insect meal at the expense of SBM. Feeding 10% BSFL to broilers, Lalev et al. [39] reported greater overall growth performance variables including FI, WG and feed efficiency, compared to the control fed birds. The same research group (Lalev et al. [40]) also reported positive growth performance in response to 10% dietary BSFL when fed to turkeys. Similarly, Popova et al. [41] found positive growth performance of chickens fed 5% BSFL, although some changes in fatty acid composition in meat of broilers are possible [42]. However, in these studies the diet with BSFL was formulated with different amounts of maize, wheat, amino acids and BSFL in order to meet the SBM nutrients. A meta-analysis of published data [43] showed that the daily WG starts decreasing above 10% insect meal inclusion, which can partially explain the results from our study whereby at 16% BSFL inclusion, WG was reduced compared to the SBM control.



The reduced production performance of BSFL fed birds in the present study may be associated with the observed reduced DMD, FD, ADFD, AMEn and the reduced ability of birds to utilise dietary energy. Despite the many functional benefits associated with chitin (e.g., as a potential prebiotic, as well as antimicrobial, antiviral and antifungal agent), it has often been characterised as an anti-nutritional factor [31]. Although chickens have been shown to produce chitinase in the proventriculus and hepatocytes [44], the digestibility of chitin seems to be limited [45], particularly in young birds [46]. Additionally, chitin comprises 3.0% to 6.8% non-protein nitrogen (NPN), meaning that the standard 6.26 N-to-CP conversion factor overestimates protein [47]. This is likely the case in the present study whereby no adjustment was made during feed formulation and therefore true CP in the BSFL diet was likely lower than in the SBM diet, possibly explaining the lower WG. Estimated levels of chitin in the present study were 55.3 g/kg in the BSFL sample, which is similar to values obtained by chemical chitin determinations of similar products [48].



Saturated fats are poorly digested by young birds in comparison to unsaturated [49], however, whilst insect fat contains a greater content of saturated fatty acids compared to soya oil and therefore could reduce AMEn and FD, this is not consistent with the findings of others [50]. The importance of modifying dietary formulations specifically for insect meal with regards to NPN and fatty acid profile, must therefore be an important requirement of future feed formulation algorithms to ensure accuracy.



Similar to the present study, Lokman et al. [51] reported that feeding chitin and chitosan did not affect FI but reduced overall WG. However, Longvah et al. [52], found that high concentrations of chitin reduced FI and inhibited the use of protein in rats. Gariglio et al. [53] found a decrease in overall ND during the starter period, but an increase in FD during the growing and finishing periods when feeding partially defatted BSFL meal to Muscovy ducks. Bovera et al. [19] and Cutrignelli et al. [20] similarly reported reduced DMD, ND and organic matter digestibility of diets containing BSFL when fed to laying hens. Research on the villus morphometry of Ross 308 broilers [54] and laying hens [55] fed insect meal reports decreased small intestinal villus height, which usually reduces nutrient absorption and growth of birds [56]. Indeed, Biasato et al. [57] found that high inclusion levels of insect meal (about 15% or over) result in a partial reduction of microbial complexity, reduction of potentially beneficial bacteria, selection of bacteria with mucolytic activity and a decrease in villi mucins. These further suggest that the observed reduction in energy, nutrient availability and bird growth in our study may be associated with the chitin content of BSFL in the diet.



The method of processing the insect meal also impacts its feeding value [12]. The BSFL meal used in our study was exposed to 120 °C for approximately 20 min. The melting temperature varies for different proteins, but temperatures above 41 °C will compromise the structure of many proteins and denature them [58], although the impact on individual AAs is less clear. Further damage to sensitive nutrients, e.g., vitamins and lysine, may also result from prolonged steam pelleting during subsequent diet manufacture [59], often performed commercially. For these reasons, care must be taken when choosing insect products for inclusion in poultry diets based on knowledge of their rendering technique, to ensure nutritional value is preserved as formulated. Further research into standardising insect rendering and production methods should be prioritised by the industry.



Research by Vieira and Lima [60] showed that birds fed all-vegetarian diets had an increase in water intake compared to birds fed animal-protein-containing diets. Water intake may be affected by several factors, including changes in the levels of some nutrients. The basal nutrient profile of the two diets in the present study was very similar, with the exception of potassium, which was double in the SBM (vegetarian) diet. Soybean meal contains twice the amount of potassium of BSFL meal [10,61]. Potassium is well recognised to positively affect water intake and increase excreta moisture [60,61,62]. High moisture in excreta is a major factor related to instances of foot pad dermatitis (FPD) [63], thus hypothesising that dietary inclusion of insect meal may improve litter quality and reduce the incidences of FPD. Foot health of poultry has not only welfare implications but also a significant economic impact on broiler production. Chicken feet are a major export product for the poultry industry. For example, the value of USA-only chicken feet exports to China is over USD 500 million per year [64]. Further research is therefore required to confirm the use of insect meal in preventing FPD and the subsequent financial benefits associated with this.



The use and development of various feed additives, including enzymes, is a topic of ongoing research in poultry nutrition [65,66] to improve protein and carbohydrate digestibility, resulting in improved growth performance [67] and potentially improved litter quality as a consequence of enhanced nutrient utilisation. Research on the use of feed additives, alongside processing techniques and refining insect meal inclusion levels to reduce the negative impact of chitin and improve/preserve the nutrient availability of insect meal for poultry, is essential in the future.




5. Conclusions


The present study shows that dietary inclusion of 16% BSFL meal as a complete replacement of SBM reduced dietary available energy and nutrient digestibility, leading to reduced growth performance of broiler chickens. These effects may have been associated with high dietary chitin content and inaccuracies in dietary formulation assumptions regarding NPN and fat digestibility values. However, feeding BSFL reduced excreta moisture content, suggesting that BSFL meal may be beneficial in improving litter quality. Apparently, our hypothesis was not confirmed, and it seems that a partial replacement of SBM with BSFL may be more appropriate than a complete replacement unless all other factors (e.g., insect processing technology, feed additive supplementation, mineral balance and AA supplementation) have been considered. Further research into standardising insect rendering and production methods should be prioritised by the industry.
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Table 1. Proximate, carbohydrate, mineral and amino acid composition of Black Soldier Fly larvae meal.






Table 1. Proximate, carbohydrate, mineral and amino acid composition of Black Soldier Fly larvae meal.





	
Proximate and Carbohydrate Composition (g/kg)

	
Indispensable Amino Acids (g/kg) a






	
Dry matter

	
963

	
Arginine

	
25.3




	
Gross energy (MJ/kg)

	
22.04

	
Histidine

	
19.9




	
Crude protein (N × 6.25)

	
512.0

	
Isoleucine

	
22.5




	
Crude fat

	
171.0

	
Leucine

	
33.6




	
Crude ash

	
85.0

	
Lysine

	
32.6




	
Acid detergent fibre

	
82.0

	
Methionine

	
9.4




	
Neutral detergent fibre

	
319.0

	
Phenylalanine

	
20.5




	
Lignin

	
26.7

	
Threonine

	
20.8




	
Chitin

	
55.3

	
Valine

	
31.5




	
Minerals

	

	
Dispensable

amino acids (g/kg) a

	




	
Calcium (g/kg)

	
9.0

	
Alanine

	
32.0




	
Phosphorus

	
6.9

	
Aspartic acid

	
48.1




	
Available phosphorus (g/kg)

	
5.2

	
Cystine

	
4.1




	
Heavy metals a

	

	
Glycine

	
27.7




	
Arsenic, mg/kg

	
<0.1

	
Glutamic acid

	
59.9




	
Cadmium, mg/kg

	
0.08

	
Proline

	
28.2




	
Lead, mg/kg

	
0.07

	
Serine

	
24.1




	
Mercury, mg/kg

	
<0.01

	
Tyrosine

	
36.0








a Obtained from manufacturing company.













 





Table 2. Composition of broiler chicken diets (g/kg, as fed) used in the experiment.






Table 2. Composition of broiler chicken diets (g/kg, as fed) used in the experiment.










	Ingredients (g/kg)
	Control
	Insect Meal





	Maize
	317.00
	290.00



	Wheat
	280.00
	400.85



	Sunflower meal (36% CP)
	80.00
	80.00



	Soybean meal (46% CP)
	230.00
	0.00



	Insect meal
	0.00
	160.00



	Lysine
	2.90
	3.60



	Methionine
	1.40
	1.10



	Threonine
	0.85
	1.10



	NaCL
	2.50
	2.50



	Sodium bicarbonate
	2.00
	2.00



	Vitamin and mineral premix a
	2.00
	2.00



	Choline chloride
	1.85
	1.85



	Monocalcium phosphate
	5.50
	6.00



	Calcium carbonate
	15.00
	14.00



	Vegetable oil
	54.00
	30.00



	Titanium dioxide
	5.00
	5.00



	
	100
	100



	Calculated analysis (as fed):
	
	



	Crude protein g/kg
	195
	195



	Metabolisable energy MJ/kg
	12.05
	12.05



	Crude fat g/kg
	75.7
	35.4



	Ca g/kg
	8.5
	8.2



	Available P g/kg
	5.5
	5.7



	Na g/kg
	2.0
	2.0



	K g/kg
	8.4
	4.0



	Available lysine g/kg
	10.7
	10.7



	Available methionine g/kg
	4.3
	4.3



	Analysed composition (as fed):
	
	



	Gross energy (MJ/kg)
	17.06
	16.66



	Dry matter (g/kg)
	920
	917



	Crude protein (g/kg)
	181
	196



	Fat (g/kg)
	66
	31



	Acid detergent fibre (g/kg)
	76.0
	69.0



	Neutral detergent fibre (g/kg)
	157.5
	189.0



	Acid detergent lignin (g/kg)
	36.1
	25.8







a The vitamin and mineral premix contained vitamins and trace elements to meet the requirements specified by NRC [2]. All the experimental diets were designed to be low in P. The premix provided (units/kg diet) retinol 3600 μg, cholecalciferol 125 μg, α-tocopherol 34 mg, menadione 3 mg, thiamine 2 mg, riboflavin 7 mg, pyridoxine 5 mg, cobalamin 15 μg, nicotinic acid 50 mg, pantotenic acid 15 mg, folic acid 1 mg, biotin 200 μg, iron 80 mg, copper 10 mg, manganese 100 mg, cobalt 0.5 mg, zinc 80 mg, iodine 1 mg, selenium 0.2 mg and molybdenum 0.5 mg.













 





Table 3. Effect of experimental diets on growth performance of broiler chickens and dietary energy metabolism.
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	Item Treatment
	BW

(g/b 10 d)
	BW

(g/b 28 d)
	FI

(g/b/d)
	WG

(g/b/d)
	FCR (g:g)
	AMEn

(MJ/kg)
	AMEn Intake

(MJ/b/d)
	AMEn:GE
	ECR





	SBM
	175
	929
	69.3
	39.9
	1.760
	13.27
	0.92
	0.778
	24.10



	BSFL
	179
	775
	68.1
	33.1
	2.094
	12.47
	0.85
	0.748
	27.13



	SEM
	9.0
	34.5
	2.31
	1.86
	0.0707
	0.118
	0.027
	0.0070
	0.978



	Probabilities
	
	
	
	
	
	
	
	
	



	p-value
	0.779
	0.005
	0.710
	0.018
	0.003
	<0.001
	0.078
	0.007
	0.039







BW: body weight; FI: daily feed intake; WG: weight gain; FCR: feed conversion ratio corrected for mortality; AMEn: dietary N-corrected apparent metabolizable energy; ECR: energy conversion ratio; SBM: soybean-based diet; BSFL: black soldier meal-based diet.













 





Table 4. Effect of experimental diets on nutrient digestibility coefficients and excreta moisture at study end point.
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	Item Treatment
	NDi
	NDt
	DMD
	FD
	ADFD
	NDFD
	EM
	EW
	ED





	SBM
	0.642
	0.679
	0.779
	0.970
	0.454
	0.499
	0.802
	157.8
	30.1



	BSFL
	0.699
	0.711
	0.750
	0.917
	0.255
	0.470
	0.753
	121.1
	29.8



	SEM
	0.0258
	0.0203
	0.0090
	0.0075
	0.0251
	0.0181
	0.0091
	10.14
	1.67



	Probabilities
	
	
	
	
	
	
	
	
	



	p-value
	0.133
	0.280
	0.031
	<0.001
	<0.001
	0.275
	<0.001
	0.018
	0.893







NDi: ileal nitrogen digestibility coefficient; NDt: total tract nitrogen digestibility coefficient; DMD: total tract dry matter digestibility coefficient; FD: total tract fat digestibility coefficient; ADFD: total tract acid detergent fibres digestibility coefficient; NDFD: total tract neutral detergent fibres digestibility coefficient; EM: moisture of fresh excreta, kg/kg; EW: daily voided w