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Abstract  
 

Most research on nutritional composition that relates to use of fly larvae as an alternative 
ingredient in animal feed has focused on the prepupal stage of Hermetia illucens L. However, 
crude protein and lipid content of H. illucens larvae vary dramatically during larval 
development and little evidence has been presented to support use of prepupae for animal 
feed. The aim of this study was to establish the nutritional value of larvae and prepupae of H. 
illucens reared on organic waste streams for use in animal feed. The effect of harvesting of 
either larvae or prepupae on waste reduction was also measured. Freshly hatched neonates 
(90 mg) were placed on 12 kg of mixed pre-consumer waste and held at 28˚C. Moisture 
content, crude protein, crude lipid, ash, fibre, survival, total biomass, individual larval 
biomass, waste reduction and bioconversion on a dry matter basis were determined and 
compared between larvae harvested on day 15 and prepupae harvested on day 20. Prepupae 
had higher fibre content than larvae, while moisture content, crude protein, crude lipid and 
ash did not differ between the two groups. Total biomass was higher in larvae than in 
prepupae due to mortality between the two stages. Size of individual larvae was very similar 
between the two groups. In terms of nutritional content or biomass production it is not 
detrimental to harvest larvae early, or to harvest a mixture of larvae and prepupae or prepupae 
only. However, harvesting later, when larvae have become prepupae, would lead to a 
reduction in potential harvest and total biomass output, especially as survival declines over 
time. Bioconversion and waste reduction did not differ between day 15 and day 20, indicating 
that nutrient recovery from waste was not improved by harvesting at the prepupal stage. 
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INTRODUCTION  
Fly larvae can be used in a nutrient cycling process called bioconversion, whereby nutrients 

are recovered from organic waste streams to produce value-added products and reduce the 

total waste mass (van Huis, 2013; Čičková et al. 2015). The value-added products that can be 

produced from fly larvae include protein, lipids, chitin and fertilizer (Čičková et al. 2015; 

Caligiani et al. 2017). 

The species most often studied for use in bioconversion is the black soldier fly, 

Hermetia illucens L. (Diptera: Stratiomyidae), due to its versatility in efficiently and 

effectively reducing numerous waste streams, such as vegetable waste and animal manure 

(Ĉiĉková et al. 2015). Dried H. illucens larvae contain approximately 44% protein and 33% 

lipids (St-Hilaire et al. 2007). The amino acid composition of H. illucens larvae compares 

favourably to soyabean meal and fish meal, so they can partially or completely replace 

traditional sources of protein in animal feed (Makkar et al. 2014; Renna et al. 2017; 

Schiavone et al. 2017). The high calcium content (7.56%) and high calcium to phosphorus 

ratio of larvae is also favourable for use in growing pigs and poultry (Makkar et al. 2014). In 

different trials using H. illucens larvae as a source of protein for farmed animals, growth rates 

and feed conversion efficiency were found to be similar to traditional feeds (Makkar et al. 

2014). Between 20 and 25% of fish meal can be replaced by maggot meal for fish species 

such as Atlantic salmon (Lock et al. 2014), African catfish (Madu & Ufodike, 2003), yellow 

catfish (Zhang et al., 2014), Nile tilapia (Ogunji et al. 2007), rainbow trout (St-Hillaire et al. 

2007; Renna et al. 2017; Dumas et al. 2018) and sea bass (Lopez, 2016), with no adverse 

effects on growth, feed conversion or taste of these fish. 

Research involving H. illucens has focused on rearing larvae on one waste type or on 

artificial diets, the safety and use of the species as an animal feed ingredient (Charlton et al., 

2015; Diener et al. 2009; Lalander et al. 2015; Nyakeri et al. 2019 Oonincx et al. 2015; 

Veldkamp & Bosch, 2015), or to ensure reproduction of the adult flies (Heussler et al. 2018). 

For use of H. illucens in animal feed, the majority of research on nutritional composition has 

focused on the prepupal stage (an intermediate stage between larvae and pupae), but little 

evidence has been put forward to indicate that prepupae are nutritionally the optimal life 

stage for use in animal feed (Liu et al. 2017). Changes in crude protein and lipid content of 

H. illucens larvae can be dramatic as larval development progresses (Liu et al. 2017). Amino 

acid content can also change based on larval stage as well as the substrate on which larvae 

feed (Diener et al. 2009). Once larvae reach the prepupal period, they stop feeding and 
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migrate away from the food source to find a suitable place for pupation. This has the potential 

to change protein and lipid content, and affect the composition of minerals, vitamins, amino 

acids, fatty acids, and fibre (Liu et al. 2017; Aniebo & Owen, 2010). For this reason, the 

nutrient content of insect stages should be monitored so that harvesting occurs at a stage 

when their properties are tailored for final use (St-Hillaire et al. 2007). 

In addition to considerations of nutrient composition and biomass of the insect 

product, commercial bioconversion facilities are required to reduce organic waste and ensure 

that their own waste production is limited. Rate and efficiency of reduction of waste on a dry 

matter basis changes over time for the larvae. These changes need to be investigated and 

understood as it can influence decisions that a bioconversion company needs to make. A 

bioconversion company needs to balance reduction of organic waste with fast throughput (the 

total amount of biomass produced over time), while also ensuring that the end products are of 

consistent quality suitable for their intended purpose. Therefore, greater understanding of 

waste reduction and the nutritional composition of H. illucens larvae and prepupae is needed 

to provide information that will help to improve mass breeding and product development. 

This will ensure cost-effective and optimized mass insect rearing to improve the use of H. 

illucens for waste management. 

The aim of this study was to establish the nutritional value of larvae and prepupae of 

H. illucens reared on organic waste streams for use in animal feed. The effect of harvesting of 

either larvae or prepupae on waste reduction was also measured. By doing so the best stage 

for harvesting to balance feed quality, waste reduction and throughput was determined. It was 

anticipated that harvesting of younger larvae would be the optimal strategy due to reduced 

time in the system, maximised biomass production and more favourable nutritional content in 

terms of lower fibre and higher protein content. This work is novel due to the use of organic 

waste streams with variable nutrient content rather than artificial diets and the use of a small 

industrial scale rather than a lab scale study. As such, the results will be more applicable to 

large-scale, commercial bioconversion operations and will provide information required for 

optimum timing of harvest. 
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MATERIALS AND METHODS 
Experimental insects 

Freshly hatched H. illucens larvae, called neonates, were collected from an established 

colony held at Aegis Environmental Bioconversion Facility, Centurion, South Africa. The 

adult flies were held under constant conditions in a climate controlled room (30 ± 0.5°C, 70% 

RH, 12:12 L:D h). The eggs were collected once a day in egg traps and were kept in an 

incubator (26 ± 0.5°C, 65% RH) until hatching began three to four days later. Egg traps are 

made from white, extruded twinwall fluted/corrugated polypropylene sheet (Correx, 

Duroplastic Technologies), cut into 3 cm x 8 cm sheets stacked in a group of eight and held 

together by an elastic band. The flutes of the sheet are open length ways in the trap and are 

orientated left and right for easy oviposition by the females. Neonates were collected less 

than three hours after hatching from containers placed underneath the egg traps. Neonates 

were transferred to weighing boats and weighed using a milligram scale (AE Adam ® 

HCB123 120g x 0.001g). A single neonate weighs approximately 0.015 mg (Cammack & 

Tomberlin, 2017, personal observation). 

 

Nutritional content and bioconversion efficiency of larvae vs prepupae 

Freshly hatched neonates (90 mg) were placed on 12 kg of mixed pre-consumer waste and 

held at 28 ± 0.5˚C. The trays used were plastic meat trays (60  33.5  21cm). There are 

approximately 6000 neonates per 90 mg and 12 kg of food provides approximately 2 g of 

food per larva for their lifetime. The preconsumer waste, collected from a local fresh produce 

market and comprising fruit and vegetables, was macerated into fine particles using an 

electric hammermill. Five different batches of waste were used, and for each batch, two trays 

were set up. On day 15, one tray was randomly selected, the larvae were sifted from the 

remaining residue, called frass, and the weight of all larvae, 20 individual larvae, and the 

frass were recorded. A 160 g sample of the larvae was collected, blanched at 80°C in hot 

water for between one and two minutes (until all larvae had stopped moving), and dried in a 

convection oven at 80°C to constant weight to determine the moisture content of larvae. This 

treatment was repeated on day 20 for the second tray, containing prepupae. The samples were 

sent to an accredited laboratory (ARC Irene Analytical Services) for proximate analysis, 

comprising of moisture content, crude protein, crude lipid, ash and fibre. Dry matter was 

determined using the Association of Official Analytical Collaboration (AOAC) Official 

Methods 934.01 and 930.15, described in Harris (1970). Fat was determined using ether 
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extraction, AOAC Official Method 920.39. Ash was determined by combustion following the 

AOAC Official Method 942.05, described in Harris (1970). Total protein was determined 

using the Kjeldahl method, following the AOAC Official Method 954.01. The dry matter 

content of the initial waste and frass was determined by taking the average from three 

samples of five grams, dried in an oven for eight hours at 80°C.  

 

Figure 1. (a) Larvae of Hermetia illucens. (b) Prepupae of Hermetia illucens with increased pigmentation in the 

integument. Photographer: Nina Parry 

 

The final total biomass, final individual weight, total waste reduction, bioconversion 

and efficiency of conversion of digested feed (ECD) was compared and statistically analysed 

between the larvae and prepupae using paired t-tests for independent samples. Waste 

reduction, bioconversion and ECD were calculated based on equations in Diener et al., 

(2009). Moisture content of larvae or waste mass was determined by subtracting final dry 

weight from the initial wet weight and dividing by the initial wet weight and converting it to 

a percentage of the original mass. This was used to determine total waste reduction, 

bioconversion, and ECD on a dry matter basis. Formulae below. 

Waste Reduction (%) = 
        

   
  100 

Bioconversion (DM basis) = 
  

  
  100 

Efficiency of conversion of digested feed (ECD)  = 
  

    
  100 

Total biomass, individual larval mass, total waste reduction, bioconversion, and ECD at each 

harvesting stage were compared with paired t-tests. Survival was estimated by dividing the 
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total weight of all larvae by the average weight of the individual larvae to calculate the 

number of larvae at the end of the experiment and expressing that number as a percentage of 

the original 6000 larvae added to the container at the beginning of the experiment. Survival 

was analysed using a logistic regression, with harvesting stage as the predictor variable. The 

proximate analysis results were compared between larvae and prepupae using a multivariate 

analysis of variance (MANOVA) as there were multiple response variables that may be 

correlated and not independent. This was followed by univariate analyses of variance 

(ANOVA) to investigate which of ash, protein, fat or fibre content contributed to the 

multivariate effect. All data analyses were run using R version 3.6.2 (R Core Team, 2020). 

RESULTS 
Total biomass harvested per tray was higher when larvae were harvested at day 15 in 

comparison to prepupae harvested at day 20 (t = 2.326, df = 14, p = 0.036). The total biomass 

harvested as 15 days was on average 22.8% greater than at 20 days (Figure 2). Overall mean 

(± s.e.) individual larval weight was 205 mg ± 9.42 mg. There was no significant difference (t 

= 1.743, df = 14, p = 0.103) between the individual larval mass of larvae harvested at day 15 

(220 mg ± 8.90 mg) in comparison to prepupae harvested at day 20 (190 mg  ± 15.27 mg). 

 

Figure 2. Mean total biomass of H. illucens harvested per tray on day 15 and day 20. Error bars indicate ± 1 

S.D. Paired T-test: t = 2.326, df = 14, p = 0.036.  
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There was a significant difference in survival between larvae harvested at day 15 in 

comparison to prepupae harvested at day 20 (Logistic Regression: χ2 = 0.208, df = 2, p < 

0.001). Survival was 8% higher for larvae collected at day 15 (Figure 3). 

 

Figure 3. Mean survival, expressed as a percentage, of H. illucens larvae harvested on day 15 and day 20. Error 

bars indicate ± 1 S.D. Logistic Regression: χ2 = 0.208, df = 2, p < 0.001 

 

Total waste reduction was measured and compared between the two groups of larvae 

(62% ± 1.56; t = -1.264, df = 14, p = 0.227) and, along with bioconversion (11.38 ± 0.65; t = 

1.454, df = 14, p = 0.168) and ECD (18.58 ± 1.27; t = 1.899, df = 14, p = 0.078), no 

significant difference was found between the two groups. 

The difference in dry matter content was analysed using a paired t-test between larvae 

harvested at day 15 vs day 20 (overall mean: 35.67% ± 0.88), with no significant difference (t 

= -1.361, df = 14, p = 0.195). Total protein, crude fat, crude fibre and ash were analysed and 

compared between the two different groups using a MANOVA (Wilk’s λ = 0.00, F4,11 = 

3.778, p = 0.036). The content of these nutrients was similar between the two groups of 

larvae, except for larvae harvested on day 20 having a significantly higher fibre content in 

comparison with those harvested on day 15 (Figure 4; Table 1). 
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Figure 4. Average nutrient content of H. illucens larvae compared between trays harvested on day 15 and day 

20. Error bars indicate ± 1 S.D. MANOVA: Wilk’s λ = 0.00, F4,11 = 3.778, p = 0.036. Annotations indicate 

comparisons between treatment groups (ANOVA: NS p>0.05; * p<0.05; ** p<0.01; *** p<0.001). 

 

Table 1. Univariate ANOVA tests for the effect of harvesting stage on ash, protein, fat and fibre content of H. 

illucens larvae. 

Nutrient Mean Square F df p 

Ash 1.108 0.239 1 0.633 

Protein 4.596 1.648 1 0.220 

Fat 18.331 0.956 1 0.345 

Fibre 20.802 15.317 1 0.002 

 

  

0,00

5,00

10,00

15,00

20,00

25,00

30,00

35,00

40,00

45,00

50,00

Dry Matter Protein Fat Fibre Ash

P
e

rc
e

nt
ag

e 
(%

)

Day 15 Day 20

NS

NS

NS

NS
**



9 
 

DISCUSSION 
There was little difference between larvae and prepupae in terms of dry matter or nutritional 

content. With few differences between larvae and prepupae, it is not detrimental in terms of 

nutritional content or biomass production to harvest larvae early, or to harvest a mixture of 

larvae and prepupae or prepupae only. However, there is no additional mass gained from 

delaying harvest and it would be better for a bioconversion facility to harvest the larvae at an 

earlier stage than to delay and harvest when the larvae have become prepupae. Harvesting 

larvae later, with associated mortality experienced by the larvae, would lead to a reduction in 

potential harvest and total throughput. 

Our current findings for crude protein and crude fat are consistent with other studies 

that have found crude protein to range from 37 to 45% and crude fat to range from 20 to 38% 

(Arango et al. 2004; Lui et al. 2017; Newton et al. 2005; Newton et al. 1977; Pastor et al. 

2015; St-Hilaire et al. 2007b; Tschirner & Simon, 2015). The information provided in this 

study supports the use of black soldier fly larvae for both waste reduction and in animal feed. 

There was no difference found between larvae and prepupae in terms of crude protein and 

crude fat. However, it is possible that there were differences in amino acid and fatty acid 

composition that was not detected in this study (Liu et al. 2017). The higher fibre content 

may be an indication of the potential higher chitin content present in the exoskeleton of the 

larvae as they change from larvae to prepupae and the integument darkens and hardens 

slightly (Tomberlin et al. 2009; Jonas-Levi et al. 2017; Wang et al. 2020).  

Other studies have found differences in nutritional content between stages of H. 

illucens larval development. While very few differences were found in this study between 

larvae and prepupae, it is possible the differences found in other studies are primarily 

between larvae and pupae, or late prepupae rather than larvae and early prepupae. Liu et al. 

(2017) found that protein increased steadily from young larvae to early prepupae before 

dropping between late prepupae and then increasing again during the pupation process. A 

similar pattern for crude fat was also found, where crude fat steadily accumulated in larvae 

from young larvae to 14-day old larvae, was similar in early prepupae and then dropped in 

late prepupae, until adult eclosion when fat was high again. During the prepupal stage the 

flies have likely not yet gone through the more intense changes that occur during 

metamorphosis from larva to reproductively active adult fly during the pupal phase. This is 

valuable information as larvae will occasionally begin developing from larvae to prepupae 

earlier if conditions such as temperature and nutrient availability are favourable, which can 
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happen in a facility that uses a variable diet rather than a standard diet for the larvae. This can 

result in a mixture of larvae and prepupae being harvested at the same time. 

Previous studies have focused on final larval or prepupal of H. illucens stages only for 

nutritional tests (Veldkamp & Bosch et al. 2015; Liu et al. 2017). Studying smaller life stages 

such as eggs or early larvae would not be conducive for the use of H. illucens larvae in 

bioconversion or as an animal feed ingredient due to the lack of biomass and difficulty in 

extracting larvae from feed during these earlier stages. However, the focus should not be 

limited to only prepupal or pupal phases either; larvae that have not yet become prepupae 

should be considered for nutritional testing and harvesting due to their potential for higher 

biomass and lower chitin content.  

Bioconversion, an important measure of how efficiently the larvae breakdown and 

make use of the food available to them along with ECD, did not differ between larvae and 

prepupae, indicating that the extra time did not improve their digestion, nutrient recovery or 

processing of the food. This is also reflected in the lack of difference for waste reduction, 

indicating that the larvae do not break down any additional waste between day 15 and day 20, 

or in the process of changing from larvae to prepupae. This is further evidence that larvae 

should be harvested earlier for use in animal feed and for the purposes of waste reduction to 

maximise total larval mass and total turnover.  

Insects benefit from having access to a more variable diet that more closely mimics 

their natural diet, such as a heterogenous diet sourced from multiple waste sources in the case 

of H. illucens larvae (Cammack & Tomberlin 2017; Barragán-Fonseca 2018). The effects of 

variable nutrients present in the diet on larval performance and nutrient content are not yet 

well understood; however the use of a heterogenous substrate may be more beneficial than 

making use of single waste source at a time, as the larvae are more likely to have access to 

the nutrients that they require (Gligorescu et al. 2018; Barragán-Fonseca 2018). More 

experiments should be conducted comparing larvae and prepupae on different waste types or 

diet mixes to determine the potential differences that nutrient content of the substrate may 

cause between larvae and prepupae (Oonincx et al. 2015). 

Studies looking at the nutritional value of black soldier fly larvae have recently 

increased in number (van Huis et al. 2020). Understanding how different stages of larval 

development can lead to changes in crude protein and other nutrients over time is valuable. In 

this study there was very little difference found between larvae and prepupae in terms of 



11 
 

nutritional content or in terms of bioconversion and waste reduction measures and therefore 

there are more benefits to harvesting larvae earlier. To further these results more experiments 

comparing larvae and prepupae on different waste types or diet mixes should be conducted. 
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