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Abstract

The study evaluated the potential of defatted black soldier fly larvae meal (BSFLM) as a sustainable alternative to fish
meal (FM) in Nile tilapia (Oreochromis niloticus) diets while promoting organic waste valorisation through a circular
economy approach. Black soldier fly larvae (BSFL) (Hermetia illucens) were reared on faecal sludge and organic waste,
harvested at the pre-pupal stage, and defatted to produce a protein rich feed ingredient. Three isonitrogenous diets (30 %
crude protein) were then formulated such that BSFLM substituted FM at 0% (control, diet 1), 50% (diet 2) and 100%
(diet 3) on a protein basis. Nutritional chemical analysis on ingredients and diets were determined while diets’ fatty
acids profile was determined by MPA FT-NIR spectrometer. The analysis showed significant differences (p < 0.05)
among the diet treatments for all measured parameters except dry matter. FM registered the highest crude protein,
(57.89%) followed closely by defatted BSFL (54.69%). However, partial substitution of FM with defatted BSFL in
diets increased crude protein levels (31.77%), registered moderate crude fat (5.26%) and moderate crude fibre (11.08%)
(diet 2) levels compared to FM meal diet (diet 1). Consequently, partial substitution yielded the highest overall
polyunsaturated fatty acids (ZPUFAs) content (4.81 mg/g). Thus, the study shows that, partial replacement (50%) of
FM with defatted BSFLM provides rich proximate and fatty acid profiles that can support Nile tilapia production while
sustainably managing waste, promoting resource recovery within a circular economy.
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1. Introduction

Poor waste management and the increasing generation of organic wastes have become major environmental concerns
worldwide, contributing to pollution, greenhouse gas emissions, public health risks, and loss of valuable nutrients that
could otherwise be recovered and reused (United Nations Environmental Program [UNEP], 2021). Organic wastes
could be sustainably managed through approaches that promote nutrient recycling and resource recovery. One
promising strategy involves the conversion of organic waste into valuable products such as biofertilizers, bioenergy,
and protein-rich feed ingredients through biological processes including insect bioconversion (Makkar et al., 2014;
Van Huis, 2020). In particular, black soldier fly larvae (BSFL) have gained considerable attention due to their ability
to efficiently convert organic waste into high quality biomass rich in protein and lipids suitable for animal and
aquaculture feeds (Lu et al., 2022).

Worldwide, aquaculture sector is expanding driven by the blue economy and blue growth policy, as well as the need
to provide food and nutrition security to the ever increasing population (Food and Agriculture Organisation [FAO],
2022; Obwanga et al., 2020). However, its growth and sustainability are hampered by the rising cost and limited supply
of fish meal, which is the main ingredient in fish feeds (Kirimi et al., 2022; Liu et al., 2025; Lu et al., 2022).

Fish meal production relies mostly on wild caught forage fish, creating ecological concerns such as overfishing and
biodiversity loss (Boakes et al., 2024; Mirzabaev et al., 2023). In addition, the fluctuating costs and limited availability
of fish meal, pose economic challenges for aquafeed manufacturers and farmers alike (Lu et al., 2022). Consequently,
there has been a concerted effort to identify alternative protein sources that can partially or completely replace fish
meal for aquaculture feeds including insect meals, plant proteins, and animal by-products. These alternatives aim to
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maintain fish growth performance while reducing feed costs and environmental impact (Macusi et al., 2023; Serra et
al., 2024). Black soldier fly larvae meal (BSFLM) has emerged as a promising alternative protein source for aquafeeds
(Fawole et al., 2021) with recent reviews and trials indicating a proximate analysis comparable to conventional protein
ingredients used in aquafeeds. (Tomberlin et al., 2020; Lu et al.,2021; Van huis, 2021).

Replacing FM with BSFLM in fish diets can alter both the proximate composition and the fatty acid profile of the
formulated diet and, consequently, of fish tissues. Many trials report that partial replacement (10-50%) often maintains
acceptable growth and feed use parameters for several cultured species, while higher inclusion levels or use of full fat
BSFL without balancing dietary essential long-chain omega-3 fatty acids (EPA/DHA) may reduce the proportion of
marine omega-3s in the diet and in fish muscle an important quality issue for human nutrition (Tippayadara et al.,2023).

Several feeding trials and reviews show BSFLM is a viable partial replacement for FM in many species (Fawole et al.,
2021; Kirimi et al., 2021; Wachira et al., 2021; Maranga et al., 2025). However, there is still uncertainty about optimal
inclusion levels and processing methods that maintain fish flesh quality, particularly the levels of beneficial long chain
polyunsaturated fatty acids (LC-PUFAs) across species and production systems. This study therefore focuses on
assessing the effects of substituting fish meal with defatted BSFLM on proximate composition and fatty acid profiles
of diets formulated with partial replacement of FM with BSFL.

2. Materials and Methods
2.1 Study Site

The experiment was conducted at the Sanitation Research Institute (SRI) of Meru University of Science and
Technology (MUST), located in Meru County, Kenya. The site is approximately 1,660 meters above sea level, latitude
0°08'05" N and longitude 37°42'30" E. The region experiences warm, temperate climatic conditions, with ambient
temperatures ranging from 12 °C to 28 °C and an annual mean rainfall of approximately 1,233mm. The site provides
a controlled environment suitable for BSFL production.

2.2 Black Soldier Fly Larvae Production and Processing

BSFL were obtained from the MUST-SRI production site, where they were reared in plastic lined troughs inside a
climate-controlled chamber maintained at 28-30°C and 60%-70% relative humidity, using faecal sludge and organic
waste as substrates (Dortmans et al., 2017; Matheka et al., 2021). Once the prepupal stage was reached, indicated by a
light to dark brown cuticle (Salam et al., 2022) the larvae were harvested using a 3 mm sieve, washed with distilled
water, sun dried for five days, and defatted using an electric screw oil press. The press was preheated to 55°C, and the
barrel temperature maintained at 80 + 5°C. The resulting press cake was cooled, ground, and stored at 4°C until feed
formulation. Defatted BSFLM was tested using standard procedures for salmonella spp. (ISO 6579-1), Escherichia
coli (ISO 16649-2), lead and cadmium (EPA 6020A) and mercury (EPA 7473) prior to diet formulation (Gold et al.,
2021; Jane et al., 2023).

2.3 Preparation of Diets Formulated with BSFLM

The resulting BSFL meal (BSFLM) was used to formulate the diets. The ingredients FM, soybean, sunflower cake,
wheat bran, wheat pollard meal and fish premix was procured from local feed dealers. Fish premix provided the
necessary vitamins. Proximate composition of various ingredients was conducted and results used as the basis for feed
formulation using an excel spreadsheet. Three isonitrogenous diets (30 % crude protein) were formulated such that
BSFLM substituted FM at 0 % (control, diet 1), 50 % (diet 2) and 100 % (diet 3) on a protein basis (Table 1). Each
diet feed mixture was grinded, thoroughly mixed and pelleted by adding little water. The resultant pellets were dried
in a shaded environment and subsequently preserved in opaque, airtight containers throughout the duration of the
experimental procedure.
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Table 1

Ingredients composition (%) for diets formulated with BSFLM for Nile tilapia production
Diets D1 (0%) D2 (50%) D3 (100%)
Ingredients
BSFLM (defatted) 0.00 12.00 24.00
Fish meal (Rastrionaebola argentea) 22.00 11.00 0.00
Soyabean meal 23.00 23.00 23.00
Sunflower seed meal 9.00 9.00 9.00
Wheat bran 37.00 35.00 34.00
Wheat pollard 7.00 8.00 8.00
Fish premix 2.00 2.00 2.00
Total 100 100 100

Abbreviation: BSFLM = Black soldier fly larvae meal; D1 (0 % BSFLM); D2(50 % BSFLM); D3(100 % BSFLM)

2.4 Chemical Analyses of Feed Ingredients and Experimental Diets

Proximate analysis was carried out using standard protocols AOAC (1995) for moisture, ash, crude fibre, crude protein,
ether extracts and energy content. The moisture content was determined by drying the sample in an oven at 110°C for
24 hours and measuring the water loss. Crude protein was estimated using Kjeldahl laboratory method. Fat content
was determined by the Soxhlet method by treating the sample with ether. Crude fibre was determined by boiling the
sample in 1.3 % H2SO04 and then in 1.3 % NaOH. Neutral Detergent Fibre (NDF) was determined by dissolving a
100g sample in a neural detergent solution. The remaining residue was filtered, washed, dried, and weighed. Acid
Detergent Fibre (ADF) was determined by boiling 100g sample in an acid detergent solution to dissolve hemicellulose
and other soluble materials. The residue was then filtered, washed, dried, and weighed. The ADF residue was further
treated with 72% sulfuric acid to dissolve cellulose. The remaining residue was filtered, washed, dried, and then ashed
in a furnace. After subtracting ash content, the remaining material represents lignin. Amino acids determination was
carried out using the high-performance liquid chromatography (HPLC) method of amino acids determination (Alhealy
et al., 2022). Approximately 100 mg of finely ground sample was hydrolysed with 10 ml of 6 M HCl at 110°C for 24
h, filtered, and derivatised using the AccQ-Tag reagent. The derivatised amino acids were separated on a reverse-phase
C18 HPLC column using gradient elution and detected with a fluorescence detector. Fatty acids determination was
performed by MPA FT-NIR spectrometer (Bruker, Germany) which is a non-destructive method of analysis.
Approximately 5 g of the sample was put into the sample cup, and absorption of electromagnetic radiation at
wavelengths in the range of 780 to 2500 nm was scanned. The concentrations of individual fatty acids were calculated
from the NIR spectra and expressed as g/100 g total fatty acids (Bruker, 2021).

2.5 Data Analysis

Proximate and fatty acids data was analysed statistically using SPSS version 29.0 by conducting a one-way analysis
of variance (ANOVA) at 95% confidence level; to determine if there were significant differences, mean separation was
done by Fisher’s least significance difference (LSD) post hoc test.

3. Results
3.1 Microbial and Metal Contamination for Black Soldier Fly Larvae Meal

There was no observable microbial growth in the BSFLM samples. Selected heavy metals values were also below
detection limits (Table 2).
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Table 2

Microbial and heavy metal contamination for black soldier fly larvae meal
Parameter Result WHO limits
Microbial contaminants
Staphylococcus aureus (cfu/swamb) nd Absent
Total Coliforms (cfu/swamb) nd Absent
E. Coli (cfu/g) nd Absent
Heavy metal contaminants
Mercury nd 0.001 mg/L
Lead nd 0.01 mg/L
Cadmium nd 0.03 /L

Abbreviation: nd means not detected

3.2 Proximate Analysis of Ingredients

The results of proximate analysis varied significantly (p <0 .05) across all diet treatments (Table 3). FM registered the
highest crude protein (57.89%) followed closely by BSFLM (54.69%). BSFLM registered the highest crude fats
(14.17%) followed by sunflower (12.54%) and FM (9.55%), while FM registered the highest ash values (19.23%).

Table 3
Proximate composition of ingredients used in Nile tilapia diets formulation

Proximate (%) Soybean Fish meal Wheat Sunflower ~ Wheat bran BSFLM P value
Poland

Dry matter 92.1240.10@ 89.8240.03> 90.5440.05%¢ 94,5940.09¢ 89.9840.07°¢ 89.67+1.21P% 0.003

Crude protein 46.5640.242 57.8940.77° 11.8940.39° 19.9540.29¢  152240.10°  54.6940.12f 0.000

Crude fats 2.3240.012 9.5540.03b 2.8240.01°¢ 12.5440.01¢ 3.2240.01¢ 14.1740.01f 0.000

Ash 7.8840.012 19.2340.50° 3.59+40.05° 7.0540.254 4.8140.12¢ 5.7440.85 0.000

Crude fibre 8.3940.022 2.1240.04%  4.4440.08° 38.1140.019 12.3740.07¢  21.5940.04f 0.000

Neutral detergent 51.740.042  42.0140.12° 29.0440.13° 53.5440.53¢ 515740.13*  50.4040.03¢ 0.000

fibre

Acid detergent fibre  15.940.02¢  10.5240.16° 4.60+40.90° 35.3140.369 15.9940.098  21.2342.89° 0.000

Acid detergent lignin  3.2140.022  1.6820.02®  1.1340.03° 3.2140.06°  3.4440.03¢ 5.8640.04¢ 0.000
Values are expressed as mean = SE (n =3): Values in the same row with different superscript letters show differences
(p <0.05).

3.3 BSFL Fatty Acids Profile

BSFLM registered high values of lauric acid (C12:0) (294.0+0.12mg/g), myristic acid (C14:0) (52.03+.12 mg/g) and
palmitic acid (C16:0) (94.67+ .019 mg/g), with very low values of pentadecanoic acid (C15:0) (3.10 +0.12mg/g). For
monounsaturated fatty acids (MUFAs), oleic acid (C18:1) (183.23+ .027 mg/g) was the most abundant followed by
palmitoleic acid (C16:1) (65.07+0.186 mg/g). BSFL was also rich in polyunsaturated fatty acid (3} PUFAs)
(385.72+.260 mg/g), with eicosapentaenoic acid (EPA) (C20:5 (n-3) (184.04+ .167 mg/g) being most abundant
followed closely by Docosahexaenoic Acid (C22:6 (n-3) (118.23+0.120). BSFL also registered low values of C16:3
(3.23+ 0.055 mg/g) and Alpha-Linolenic Acid (»-3) C18:3(n-3) (8.12+0.009 g/mg) PUFAs (Table 4)
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Table 4

BSFL fatty acids profile
Fatty Acids Mean (mg/g) Standard error
Saturated fatty acids (SFAS)
C12:0 294.0 40.120
C14:0 52.03 40.120
C15:0 3.10 40.120
C16:0 94.67 +0.088
C18:0 24.15 40 .018
> SFAs 173.95 40 .019
Monounsaturated fatty acids (MUFAS)
Cl6:1 65.07 0.186
c18:1 183.23 4 .027
C20:1 43.32 40 .012
c22:1 28.23 ) .067
> MUFAs 319.85 ) .279
Polyunsaturated fatty acids (PUFAS)
C16:3 3.23 0.055
Cl6.4 4.63 +0.033
C18:2(n-6) 15.64 +0.015
C18:3 (n-3) 8.12 +0.009
C18:4 21.22 40 .017
C20:4 16.50 +0.018
C20:5 (n-3) 184.04 +0.167
C22:5 (n-3) 14.10 +0.058
C22:6 (n-3) 118.23 40.120
> PUFAs 385.72 +0.260

3.4 BSFL Amino Acids Profile

The results for amino acids for defatted BSFLM are as tabulated in Table 5. Defatted BSFL registered relatively higher
values in all amino acids as compared to the whole BSFL. Defatted BSFL was rich in Essential Amino Acids (EAAs)
like leucine (4.28%), lysine (3.97%) and valine (3.78 %), with low values of histidine (2.05%) and phenylalanine
(2.62%). BSFL also registered high values of aspartic acid and glutamic acids at 6.16% and 6.78% respectively, with
low values of hydroxyproline (<0.2%) and ornithine (0.462%). Cysteine and tryptophan recorded very low values of

0.44% and 0.99% respectively.
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Table 5

BSFL Amino acids profile
Amino acids Whole BSFL(g/100g) Defatted BSFL (g/100g)
Essential Amino Acids
Histidine 1.32 2.05
Isoleucine 1.68 2.61
Leucine 2.76 4.28
Lysine 2.63 3.97
Phenylalanine 1.72 2.62
Threonine 1.57 2.46
Valine 2.38 3.78
Non-Essential Amino Acids (NEAAS)
Alanine 25 4.04
Arginine 1.89 2.99
Aspartic acid 4.02 6.16
Glutamic acid 4.37 6.78
Glycine 2.03 3.24
Hydroxyproline <0.2 <0.2
Ornithine 0.315 0.462
Proline 2.3 3.65
Serine 1.6 2.56
Tyrosine 243 3.95
Cystine, methionine (oxidative)
Cystein +Cystine 0.259 0.44
Methionine 0.618 1.02
Tryptophan (Total) 0.65 0.997

3.5 Proximate Analysis of Experimental Diets

The results of proximate analysis of the experimental diets are as shown in Table 6. Dry matter and nitrogen free
extracts (NFE) were not statically different (p > 0.05) across all diet treatments. Results of crude protein, ash, crude
fat and crude fibre content varied significantly (p <0 .05) across all diets. Higher crude protein was recorded in diet 2
(31.77%) than in diet 1 and diet 3 (p = 0.01). Diet 1 (FM diet) being superior in ash values (10.16%) as compared to

other BSFL based diets (diet 2 and diet3).

Table 6

Proximate composition of experimental diets with different inclusion levels of defatted BSFLM

Proximate composition (%) D1(0%) D2(50%) D3(100%) P value
Dry matter 90.6 +0.18 90.85 +0.05 90.67 £0.08 0.483
Crude protein 30.48 +£0.32* 31.77 +0.12° 30.93 +0.18* 0.014
Crude fat 4.39+0.01° 5.26+0.10° 5.77+0.10°  0.000
Ash 10.16 £0.50° 8.52+0.11° 6.57 +0.39°  0.004
Crude fibre 10.49 +0.15* 11.08 £0.10° 13.39 +0.15° 0.000
Nitrogen free extracts 37.32+236 36.85+234 36.91+239 0.989
Neutral detergent fibre 49.09 +011*  49.06 +0.05% 47.82 +£0.37* 0.045
Acid detergent fibre 10.49 +0.15° 11.08 +0.10° 13.39 +0.15° 0.000
Acid detergent lignin 3.41+0.01* 477 +0.06° 3.92+003°  0.000

Values are expressed as mean = SE (n =3): Values in the same row with different superscript letters show differences

(p < 0.05).

Abbreviation: BSFLM = Black soldier fly larvae meal; D1 (0 % BSFLM); D2(50 % BSFLM); D3(100 % BSFLM)

3.6 Diets Formulated with Defatted BSFLM Fatty Acids Composition

Diets fatty acids varied significantly across all diet treatments (Table 7) (p <0 .05) except for Tricosanoic acid (C23:0).
Diet 1 registered the highest overall SFAs as well as MUFAs values. Diet 1 registered high Palmitic Acid (C16.0)
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(12.157 mg/g), Oleic Acid (C18:1¢9) (17.707 mg/g) as compared to diet 2 and diet 3. However, diet 2 also recorded
the highest values of stearic acid (C18:0) (3.050 mg/g), Alpha-Linolenic Acid (®-3) (C18:3 n-3) (4.81 mg/g), and
vaccenic acid (C18:1c11) (1.080 mg/g) than diet 1 and diet 3. Diet 2 being superior in overall PUFAs (XPUFA) (4.810

mg/g).

Table 7

Experimental diets formulated with defatted BSFLM fatty acids composition
Fatty acid (mg/g) D1(0%) D2(50%) D3(100%) P-value
Saturated
C14:0 1.093 +£0.02°  0.723 +£0.03®  0.827 +0.01°  0.00
C15 0.07 £0.01 nd nd
C16:0 12.147 £0.02® 11.00 +£0.03®*  11.713 +0.01° 0.00
C17:.0 0.127 +0.01*  0.070+0.01°  0.060 +0.01*¢ 0.01
C18:0 2.797 +0.03*  3.050 +0.02°  2.43 +0.01° 0.00
C22:0 0.327 +0.01*  0.283 +0.01° 0.253+0.01° 0.01
C23:0 nd 0.047 +0.00 0.050 +0.00 0.37
C24:0 0.057 +0.00*  0.073+0.00*  0.137 +=0.01°  0.00
¥SFAs 16.618+0.073 15.246+0.075 15.473+0.026
Monounsaturated
C16:1 0.437 +0.01*  0.250 +0.01°  0.320 +0.00°  0.00
Ci7:1 nd nd nd
C18:1c9 17.707 £0.028  15.077 £0.05°> 16.257 +0.03° 0.00
C18:1cl1 0.973+0.022  1.080 +0.02° 0.703 +0.01° 0.00
C20:1 0.103 +0.01 0.067 + 0.00 nd 0.09
S“MUFAs 19.220+0.006  16.474+0.536  17.280+0.26
Polyunsaturated
C18:3n-3 4163 +0.01* 4.810=+0.02° 3.830+0.01° 0.00
C22:5 nd nd nd
SPUFAs 4.16340.01 4.81040.02 3.83040.01

Values are expressed as mean = SE a, b, ¢, d. Values in the same row with different superscript letters show
differences (p<0.05).

Abbreviation: BSFLM = Black soldier fly larvae meal; D1 (0 % BSFLM),; D2(50 % BSFLM),; D3(100 % BSFLM), nd
means not detected

4. Discussion
4.1 Proximate Content of Ingredients

Generally, the proximate contents registered in the study concours with many other similar studies (Belghit et al., 2018;
da-Silva et al., 2024; Kirimi et al., 2021; Lu et al., 2022; Makkar et al. 2014; Saptura & Lee., 2023; Zulfiki et al., 2022)
but slight differences may occur as a result of feed sources and methods of processing (Fuso, 2021; Munguti et al.,
2021; Zulfiki et al., 2021). The study registered no significant differences between dry matter content of BSFLM
(89.67%) to fish meal (89.82%) but lower than values recorded in soybean and sunflower meals. This suggests that
BSFLM has a moisture content similar to fish meal, making it a suitable substitute without affecting feed storage
stability and pellet durability (Nayak & Kliiber, 2025).

Similar to many studies, FM registered the highest crude protein content (57.89%), followed closely by BSFLM
(54.69%). These values were higher than plant-based proteins such as soybean (46.56%) and sunflower meal (19.95%)
(Kirimi et al., 2021). Defatted BSFL recorded the highest crude fat (14.17%) as compared to FM (9.55%), indicating
a high source of energy and thus feed efficiency (Spranghers et al. 2017). These crude fats trend fall within the range
7-39% (Barragan et al, 2017; Zulfiki et al., 2021). Defatted BSFL also registered lower ash content (5.74%) than that
of FM (19.23%), and higher fibre content values (21.59%) than FM (2.12%), further affirming its likelihood to mineral
deficiency and digestibility. Higher values of neutral detergent fibre (NDF), acid detergent fibre (ADF), and acid
detergent lignin (ADL) levels in BSFLM than those registered by FM indicate a higher structural carbohydrate. This
could potentially affect digestibility if used at high inclusion levels. Therefore, the BSFL proximate analysis almost
mirrors that of FM making it a suitable partial substitute for FM.
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4.2 BSFL Fatty Acids

BSFL registered high values of SFAs as well as MUFAs. This study concours with previous study where lauric acid
(C12:0), palmitic acid (C16:0), and oleic acid (C18:1) are said to be abundant in BSFL (Bian et al., 2024: Ewald et al.,
2020; Lu et al., 2022). The findings of the present study partially agree with those of Ewald et al. (2020), who reported
that although the overall lipid hierarchy (SFA > MUFA > PUFA) is generally conserved, fatty acid composition can be
modified through substrate selection. In contrast, the present study recorded a lipid hierarchy of SFA < MUFA,
suggesting that the rearing substrate influenced the fatty acid composition. Further, in the present study, BSFL was rich
in linoleic acid (C18:2n-6) and Alpha-Linolenic Acid (ALA) (C18:3n3) (the precursor for EPA and DHA) which have
been found mainly in plants and marine algae (Tvrzicka et al., 2011 in Ewald et al., 2020) this could be most likely
attributed to the quality of substrate used (Ewald et al., 2020). The presence of high values of overall long-chain
polyunsaturated fatty acids (PUFAs) Y (PUFAs) (385.72+ 0.260mg/g) indicates that defatted BSFLM is a good source
of fatty acids essential for growth and overall health of the fish (Agbohessou et al., 2024). Therefore, this BSFL rich
fatty acids profile makes BSFL as suitable substitute for FM.

4.3 BSFL Amino Acids

Defatted BSFL registered relatively higher values in all amino acids as compared to the whole BSFL. Defatted BSFL
was rich in EAAs like leucine (4.28 %), lysine (3.97 %) and valine (3.78 %). This results in the current study are
consistent with literature showing leucine, lysine, and valine as among the most abundant EAAs in BSFL (Lu et al.,
2022; Zulfiki et al., 2022). The study further concours with other studies that showed limitations in levels of methionine
(1.02 %) and cystine (0.44 %) (Lu et al., 2022), but rich in histidine and isoleucine, making it superior over FM and
soymeal. However, BSFL was not limited in lysine as well as arginine (Ogello et al., 2014 in Macusi et al., 2023)
making BSFL a superior substitute against plant-based substitutes.

4.4 Proximate Content of Diets

The dry matter content registered across all treatment diets, ranging between 90.85% to 90.60% was relatively high
with no significant differences (p = 0.483). A high dry matter increases nutrient density as well as storage stability in
a feed (Nayak & Kliiber, 2025).

Notably diet 2 emerged superior in crude protein values (31.77 %) as compared to diet 1. Crude protein is a critical
dietary component in fish nutrition because it supports growth, tissue repair, metabolism, immunity, and reproduction,
therefore, balanced diet formulation is essential for sustainable fish production. (Kirimi et al., 2020). The crude protein
registered in the present study was relatively high, ranging from 30.48% to 30.93%. These CP values were within the
range required for fish production (30 to 34 %) (Sayed, 2018; Kirimi et al., 2020; Zulkifli et al., 2022) depending on
species, age and sex. Further, the findings agree with previous studies indicating that diets formulated from
complementary protein sources, such as black soldier fly larvae meal combined with fishmeal or plant protein
ingredients, provide a more balanced nutrient profile and support improved crude protein quality than diets based on
a single protein source (Serra et al., 2024).

Diet 3 (100% replacement of FM with BSFLM) registered a high crude fat but a low ash content indicating a deficient
in minerals, as well as a relatively high CF. This high crude fat and crude fibre was a reflection of its abundance in the
BSFL ingredient. Notably BSFL ingredient registered a high fat content (14.17%) higher than general typical
requirements to Nile tilapia (5 - 6% for juvenile and 6-8% for mature fish) (Lim et al., 2011; National Research Council
[NRC], 2011), but with manipulations as in feed formulation, the crude fat reduced to 5.26 % (diet 2) which is within
the range necessary for Nile tilapia production. Excessive dietary lipids can also lead to fat deposition in fish, which
may negatively affect growth performance and carcass quality. A high CF accelerates gut transition time, reducing
nutrient absorption (Maundu et al., 2024). However, chitin a predominant contributor to the crude fibre fraction of
BSFL has been noted to improve immunity and overall gut health in fish (Alhasyani et al., 2025). Results from Nile
tilapia reared on experimental diet 2 (50% substitution level) registered the highest survival rates (95.56%) in
comparison to diet 1 and diet 3 (Wambugu et al., 2026). Thus, a balance as in diet 2 (50% substitution) provides the
best trade off.

All diet treatments indicated relatively high NDF range (49.09 % to 47.82%). High NDF indicates greater structural
fibre content, while increased hemicellulose fractions may contribute to improved digestibility compared to highly
lignified materials.

This study concurs with similar studies as carried out by Ouko et al., (2025), Munguti et al., (2023) and Maina et al.,
(2025) where 50% substitution provided an optimal replacement balance.
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4.5 Diets Fatty Acids

Fatty acids were significantly different across treatments diets (p < 0 .05). This indicates that the type of ingredient
incorporated influenced the overall lipid profile. Myristic acid (C14:0) (1.09 mg/g) and palmitic acid (C16:0) (12.15
mg/g) values were higher for dietl followed closely by diet3. These high levels suggests that it contained more animal-
based lipid sources such as fish meal, which are naturally rich in palmitic and myristic acids (Xu et al., 2020). They
could also be attributed to their abundance also in the BSFLM (Bian et al., 2024; da-Silva et al., 2024; Maranga et al.,
2025). This agrees with previous studies reporting that palmitic acid and myristic acids are typically the major SFA in
fish diets and fish tissues (Turchini et al., 2009; Kirimi et al., 2022). The higher stearic acid (C18:0) in diet 2 could be
linked to its abundance in BSFL (da-Silva et al., 2024) since most plant oils are limited in stearic acid (Turchini et al.,
2009).

Oleic acid (C18:1¢9) was the dominant MUFA, with values ranging from 15.077% in diet 2 to 17.71% in dietl. This
fatty acid is crucial for maintaining membrane fluidity and energy metabolism in fish (Ewald et al, 2020). The
significant variation (p = 0.00) among treatments suggests differences in lipid sources, as oleic acid is abundant in both
fish oils and plant oils such as soybean or sunflower oil (Zhou et al., 2020).

The relatively lower MUFA content in diet 2 may indicate a higher proportion of saturated or polyunsaturated fatty
acids in its composition. This concours with similar studies indicating BSFL is richer in SFAs as well as PUFAs (Goda
et al., 2024). The presence of vaccenic acid (C18:1 c11) was also notable, with the highest concentration observed in
Diet 2 (1.08%). Vaccenic acid is a naturally occurring ruminant and insect derived monounsaturated fatty acid that can
serve as a precursor of conjugated linoleic acid (CLA) in animal and fish tissues and has attracted interest because of
its potential nutritional benefits (Turchini et al., 2009).

Alpha-linolenic acid (C18:3 n-3) was the primary polyunsaturated fatty acid detected, ranging from 3.83% to 4.81%.
Diet 2 exhibited the highest value, possibly due to greater incorporation of plant-derived lipids rich in omega-3 fatty
acids (e.g soybean) as well as high values of eicosapentaenoic acid (EPA) C20:5 (n-3) found in BSFL as an ingredient.
The Omega-3 fatty acids play a vital role in fish growth, immune response, and reproduction (Agbohessou et al., 2024;
Ibrahim et al., 2022). The higher PUFAs content in diet 2 suggests that BSFL inclusion enhance the nutritional quality
of the feed by improving essential fatty acid supply, although it might slightly reduce saturated fatty acid content
(Ibrahim et al., 2022).

Studies have shown that freshwater fish are able to synthesize Alpha-Linoleic acid into eicosapentaenoic acid (C20:5n-
3) acid and docosapentaenioc Acid (C22: 9n-3) essential for overall fish growth (Tippayadara et al., 2021). Thus, the
abundance of alpha-linoleic acid in diet 2 makes it rich in PUFAs. In contrast, studies conducted on African cat fish
diets by Maranga et al., 2025, registered high > PUFAs in the control diet (FM diet) unlike in the current study where
high Y’ PUFAs were registered in diet 2 with 50:50 replacement ratio of FM to BSFL (Maranga et al., 2025).

The results demonstrate that altering dietary ingredients significantly affects the fatty acid composition of formulated
feeds. Diet 1 appeared richer in SFAs and MUFAs, while diet 2 had elevated PUFA levels, likely attributed to lower
inclusion levels of EPA and ADH in diet 2 provided by partial substitution of protein sources unlike high values in
ingredients as in diet 1 with 100% FM thus, improving its nutritional quality. Therefore, maintaining a balance among
SFAs, MUFAs, and PUFAs is essential for optimal fish growth, lipid metabolism, and overall health (Turchini et al.,
2009). Further, growth parameters of Nile tilapia reared with 50% substitution of FM with defatted BSFL as in diet 2
recorded no significant differences with diet 1 (Wambugu et al., 2026), making partial substitution of defatted BSFL
as suitable substitute for FM.

5. Conclusion

In summary, partial replacement (50%) of FM with defatted BSFLM can have minimal effects on nutrient composition
for Nile tilapia feeds. However, due to BSFL fibre contents full substitution may enhance gut time and reduce nutrient
absorption time as in diet 3 (100%). Further the 50 % replacement of FM with BSFL diet manipulations can provide
the essential lipids and fatty acids as its proximate content and fatty acids profile meets nutritional requirements for
Nile tilapia production. The 50% substitution increased levels of crude proteins as well as PUFAs. Therefore, the
manipulation of lipid sources can be a viable strategy to optimize proximate and fatty acid profiles in aquafeeds while
reducing reliance on traditional protein and fish oil sources. Defatted BSFL reared on organic wastes not only ease the
burden of high cost of aquaculture feeds but also help in sustainably managing the ever-increasing volumes of wastes,
resources recovery, thereby achieving a circular economy.
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