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Abstract 

Bioconversion is an environmentally, socially and economically sound measure for 

organic waste management. The black soldier fly (BSF), Hermetia illucens L. (Diptera 

Stratiomyidae), is one of the promising species for organic waste bioconversion. Larvae 

of BSF (BSFL) can feed on multiple types of organic waste, and the harvested larvae 

could be processed into valuable products such as animal feed, chitin, and organic 

fertilizer. To maximize the efficiency of a bioconversion system using BSFL, it is 

necessary to optimize the rearing environment of the insects, which requires knowledge 

of the impact of environmental factors on BSF at different life stages. This thesis reports 

my investigations on (1) the effect of diet on selected BSF larval (BSFL) life history and 

physiological traits and bioconversion efficiency, (2) the effect of substrate type and 

moisture content on BSF pupation, and (3) the effect of artificial light type, light regime, 

and adult density on BSF reproduction. 

First of all, I tested three types of organic waste (brewerôs waste, pig manure, and 

semidigested grass) against a standard diet (broll; a mixture of wheat bran and wheat 

flour). Among the organic wastes tested, brewerôs waste led to the fastest larval growth 

and highest larval weight gain. However, protein conversion efficiency of BSFL fed on 

brewerôs waste was lower than the larvae fed on the standard diet, which may be due to 

the high protein content in brewerôs waste. A meta-analysis revealed that dietary 

lignocellulosic content has an adverse impact on BSFL weight gain.  

Second, I investigated the effects of two pupation substrates (vermiculite and wood chips) 

and nine moisture levels on BSF pupation rate and depth. Using moist pupation substrate 

could reduce prepupal water loss, improve prepupal survival rate, and move forward the 

onset of pupation. BSF prepupae were found to stay at shallower depth levels when 
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moisture content exceeded 20% and 70% for vermiculite and wood chips, respectively, 

which may be due to reduced oxygen availability. 

Third, I assessed four types of artificial light for their suitability of supporting mating of 

BSF from two different colonies. The artificial light that matches the spectral sensitivity 

of photoreceptors of BSF adults led to the highest mating success. Interestingly, artificial 

light resembling summer sunlight failed to support BSF mating, which may be due to its 

flickering. Colony effect was also significant on BSF mating success. 

Moreover, I found an interaction between the light regime and adult density on mean 

individual female reproductive output and adult survival rate. To optimize the 

reproductive output of a BSF colony, 8 h of photoperiod would be sufficient for a low 

adult density (e.g., lower than 800 individualsĀmī3), whereas longer photoperiods may be 

needed for higher adult densities. 

Finally, I present the implications that can be drawn from my findings, and my 

recommendations for future research and the relevant industry. 
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1.1 Organic waste bioconversion by insects 

Organic waste is generated from household activities, agriculture and forestry, animal 

husbandry and fishery, and post-harvest food processing (National Research Council 

(U.S.), 1983; Polprasert & Koottatep, 2017). Globally, about 880 million tonnes of food 

and garden waste are generated per year, and this rate is expected to increase to about 1.5 

billion tonnes per year by 2050 (Kaza et al., 2018). 

In many parts of the world, landfill still acts as the main route for organic waste disposal, 

which leads to problems such as greenhouse gas emission and leachate generation, though 

the latter could be collected to avoid soil and groundwater pollution (Christensen et al., 

2010; Figure 1.1). A comprehensive life-cycle assessment revealed that landfilling a 

tonne of organic waste could result in emitting greenhouse gases equivalent to nearly 400 

kg of carbon dioxide (Nordahl et al., 2020). Worse still, people in low-income countries 

often dump or burn organic waste in open areas, resulting in disease transmission and 

severe environmental pollution (Kaza et al., 2018; Polprasert & Koottatep, 2017). 

 

Figure 1.1 Greenhouse gasses and leachate generated from landfill of organic waste. 

GWP100 (100-year global warming potential) describes the heat that is absorbed by the 

greenhouse gases over 100 years, in comparison with the heat that would be absorbed by 

the same weight of CO2 over the same period. Image by Z. Liu, 2022; CC BY-NC. 
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Proper organic waste management approaches, such as pyrolysis, incineration, and 

bioconversion, not only reduce the quantity of organic waste, but also valorize the waste 

by recovering energy and/or nutrients from underutilized organic matter (Polprasert & 

Koottatep, 2017). Pyrolysis and incineration facilities require considerable upfront and 

running costs, therefore these methods may not be economically viable in all places. In 

contrast, bioconversion systems could be established and operated in simple ways and 

thus would be more feasible for low- and middle-income countries or regions. For 

instance, subject to local legislation, defatted bran and some broken rice could be 

consumed by pigs, chickens, and ducks, and the manure of these animals could be fed to 

fish ponds where fish is produced and the effluent is used to grow plants (Polprasert & 

Koottatep, 2017). The process forms a simple and circular bioconversion system that can 

be easily established and operated in a low- and middle-income rural area. 

In addition to their vast adoptability, bioconversion systems could return wasted nutrients 

(e.g., proteins, lipids, and polysaccharides) to the food supply chain in the form of food 

or feed (Polprasert & Koottatep, 2017; Surendra et al., 2020). Globally, food waste from 

post-harvest to consumption accounts for about 30% of the amount produced (Food and 

Agriculture Organization of the United Nations, 2019; United Nations Environment 

Programme, 2021). The wasted food represents an unnecessary loss of resources (i.e., 

land, water, energy, fertilizer, etc.) put into and an excessive amount of greenhouse gases 

emitted from the food supply chain (Shafiee-Jood and Cai, 2016). Thus, recovery of 

nutrients through bioconversion could improve the overall efficiency of the food supply 

chain and remove the unnecessary burden on the environment. 

One of the bioconversion systems is the CORS (conversion of organic refuse by 

saprophages) system, where saprophagous invertebrates (especially insects) and their 
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symbiotic microorganisms turn organic waste into invertebrate biomass and fertile 

residue (Diener & Zurbr¿gg, 2008). The invertebrate biomass produced from the CORS 

system could then be further processed into food or feed ingredients (Parolini et al., 2020; 

Sogari et al., 2019; Tang et al., 2019), chitin- or protein-based bioplastics (Nuvoli et al., 

2021; Pasquier et al., 2021; Sanandiya et al., 2020), or fat-based products (Franco et al., 

2022; Xiong et al., 2020).  

Although many invertebrate species may be potential candidates for organic waste 

bioconversion, research and application have been mainly focusing on insects (Table 1.1), 

among which the most extensively studied species are the mealworm Tenebrio molitor 

(L.) (Coleoptera: Tenebrionidae), housefly Musca domestica (L.) (Diptera: Muscidae), 

and the black soldier fly Hermetia illucens (L.) (Diptera: Stratiomyidae). This thesis is 

focused on optimizing the rearing environment for the black soldier fly at different life 

stages. 
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Table 1.1 Insect species that could be used as bioconversion agents for various types of 

organc waste. 

Order Species Waste type 

Blattodea Periplaneta americana (L.) food waste 1 

Coleoptera Attagenus unicolor (Brahm) feathers 2, 3 

Tenebrio molitor (L.) spent mushroom substrate 4, vegetable 

pomace 5, 6, polylactic acid 7, poultry litter8 

Protaetia brevitarsis 

(Lewis) 

crop straw and sawdust 9, spent mushroom 

substrate 10 

Diptera Chrysomya chloropyga 

(Wiedemann) 

abattoir waste 11 

Hermetia illucens (L.) animal manure 12, restaurant waste 13, fish 

offal 14, brewery by-products 15, vegetable 

and fruit waste 15, abattoir waste 16 

Musca domestica (L.) animal manure 17, food waste 18 

Isoptera Coptotermes formosanus 

(Shiraki) 

paper waste 19 

Reticulitermes speratus 

(Kolbe) 

paper waste 19 

Orthoptera Acheta domesticus (L.) food waste 20, tofu house by-product 21 

1ï20 References: 
1 (Addy et al., 2021), 2 (Keefe & Lei, 2021), 3 (Keefe & Lei, 2022), 4 (Song & Kim, 2014), 
5 (Ruschioni et al., 2020), 6 (Rovai et al., 2021), 7 (Peng et al., 2021), 8 (Silva et al., 2021), 
9 (Li et al., 2019), 10 (Wei et al., 2020), 11 (Parry et al., 2020), 12 (Oonincx et al., 2015), 
13 (Zheng et al., 2012), 14 (St-Hilaire et al., 2007), 15 (Meneguz et al., 2018), 16 (Lalander 

et al., 2019), 17 (Wang et al., 2013), 18 (Niu et al., 2017), 19 (Lenz et al., 2011), 20 (Lundy 

& Parrella, 2015), 21 (Quek et al., 2020). 
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1.2 Study species ï the black soldier fly 

мΦнΦм DŜƻƎǊŀǇƘƛŎ ŘƛǎǘǊƛōǳǘƛƻƴ ŀƴŘ ƎŜƴŜǊŀƭ ōƛƻƭƻƎȅ 

The black soldier fly (BSF) H. illucens (Diptera: Stratiomyidae) is believed to originate 

from Latin America (Guilliet et al., 2021). Although the species may have been 

introduced to Europe about five centuries ago (Benelli et al., 2014), it was not recorded 

on the European continent until 1926 (Lindner, 1919). Further range expansion of BSF 

was mainly due to human transportation since the 1940s, especially during World War II 

(Barbier, 1952; Leclercq, 1997). Today, BSF is a cosmopolitan species distributed across 

a vast latitudinal range (between Canada and New Zealand; Maquart et al., 2020). 

BSF has four life stages (Figure 1.2): egg, larva, pupa, and adult. Eggs are laid in clutches 

(Figure 1.2A). The eggs are elongate-oval, transparent to ivory, with a smooth surface. 

Fertile eggs develop ocelli (also called ñeye spotsò in some articles) that are visible 

through the chorion (Figure 1.2B) and can thus be easily distinguished from infertile eggs. 

Larvae pass through six instars (May, 1961). The newly hatched larvae are milky white 

in color, about 1.8 mm in length and 0.4 mm in width. Each larva has two black ocelli, 

eleven obvious segments, and bristles on each segment. The larval cuticle keeps the 

original color (Figure 1.2C) from the first to the fourth instar, starts to tan in the fifth 

instar, and is highly darkened and hardened in the sixth instar (May, 1961). A sixth instar 

larva (Figure 1.2D) may be up to 27 mm in length and 6 mm in width, and is also called 

a ñprepupaò, as it stops feeding at this stage (May, 1961). BSF pupae are coarctate pupae. 

The color of the pupae is similar to that of the prepupae, and the puparium is rigid. The 

last two segments of the pupae bend ventrally (Figure 1.2E), which can be used to 

differentiate pupae and prepupae. Except for the difference in pupal size between females 

and males (female pupae are normally bigger than male pupae), there is no obvious 
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morphological feature that can be used to sex pupae (May, 1961). Adults (Figures 1.2F 

and G) are bright black in color, 13 to 20 mm in body length, and resemble wasps in 

appearance. There are some variable yellowish spots near the compound eyes and two 

flattened tubercles on the broad vertex. Each adult has two translucent cuticle patches on 

the first abdominal segment, which are normally called ñwindowsò (Barry, 2004). Each 

leg has a conspicuous creamy white coloration from tibia to tarsus. Females are on 

average bigger than males (Gobbi et al., 2013; Tomberlin et al., 2002). The two sexes can 

be easily identified by the morphology of the genitalia. 

In its natural environments, BSF can colonize decaying organic materials such as animal 

manure (Booth & Sheppard, 1984; Tomberlin & Sheppard, 2001), animal (including 

human) carrion (Barros et al., 2019; Kotz® & Tomberlin, 2020; Mart²nez-S§nchez et al., 

2011), and decaying vegetation (Kotz® & Tomberlin, 2020). Female BSF tend to deposit 

eggs into dry crevices above potential larval feeding substrate that is nutritious and moist 

(Booth & Sheppard, 1984), where hatchlings would easily fall onto the substrate and start 

feeding. When reaching the prepupal stage, the insects may migrate from diet to seek 

suitable pupation sites (Craig Sheppard et al., 1994), or bury themselves into spent diet 

to pupate (Barros et al., 2019). In pupation substrates, BSF pupae are oriented vertically 

with heads facing upwards (May, 1961). To allow adult emergence, an opening on the 

puparium is created by an adult pushing off the head capsule and the thoracic segment, 

and creating a mid-dorsal crack in the second and third segments (May, 1961). 
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Figure 1.2 Morphology of the black soldier fly Hermetia illucens: (A) an egg clutch, (B) 

eggs (arrow indicates an ocellus), (C) a 4-day-old larva, (D) a prepupa, (E) a pupa, (F) a 

male (arrow indicates the genitalia), (G) a female (arrow indicates the genitalia). Images 

by Z. Liu, 2016; CC BY-NC. 
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Male BSF could be sexually mature and ready to mate as early as less than 24h post 

emergence (Malawey et al., 2021), while the age of sexual maturity for female BSF could 

be less than 48h post emergence (Tomberlin & Sheppard, 2002). Feeding is not necessary 

for BSF adults to achieve reproduction (Sheppard et al., 2002), but increases adult 

longevity and fecundity (Bertinetti et al., 2019). BSF tend to mate earlier in the day (e.g., 

before 15:00) and under bright light (e.g., sunlight exceeding 200 ɛmolĀmī2Āsī1) 

(Tomberlin & Sheppard, 2002; Zhang et al., 2010). Oonincx et al. (2016) showed that 

light spectral composition also influences BSF reproduction, and that the ultraviolet-B 

band seems to be a key component that improves BSF reproductive success. To initiate 

mating, a BSF male grasps a female in flight and attempts to copulate with her; if the 

male succeeds, the two insects would land in copula, otherwise they land with the male 

persisting in his copulation attempts. While in copula, the male and female may face 

opposite directions or form a male-mounting position (Julita et al., 2020). About two days 

post mating, inseminated BSF females start to lay eggs (Tomberlin & Sheppard, 2002). 

BSF life history traits are influenced by various environmental factors, such as 

temperature (Chia et al., 2018; Tomberlin et al., 2009), humidity (Holmes et al., 2012), 

and larval diet (Gobbi et al., 2013; Tomberlin et al., 2002). When reared at 27ÁC, 60% 

relative humidity with Gainesville diet (wheat bran: alfalfa meal: corn meal = 5: 3: 2; 

70% moisture), it takes about 24 d for BSF to develop from hatchlings to prepupae, and 

about 18 d for pupal development (Tomberlin et al., 2009). In the same environment, 

adult longevity is about 14 days for females and 17 days for males (Tomberlin et al., 

2009). 
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мΦнΦн ¦ǎŜǎ ƻŦ ǘƘŜ ōƭŀŎƪ ǎƻƭŘƛŜǊ Ŧƭȅ ƛƴ ƻǊƎŀƴƛŎ ǿŀǎǘŜ ōƛƻŎƻƴǾŜǊǎƛƻƴ 

BSF larvae (hereafter BSFL) are able to voraciously feed on many types of organic waste 

(Table 1.1). Generally, BSFL prefer wastes that are moderately moist, rich in organic 

matter, and with low lignocellulose contents, such as abattoir waste, animal manure, fruit 

and vegetable waste, food waste, or their mixtures (Barrag§n-Fonseca et al., 2018; Dzepe 

et al., 2020; Lalander et al., 2019). Depending on waste type, a 10-d old BSFL could 

grow 200ï300 mg of body weight in 15 d, converting 10ï15% of waste dry matter into 

its body biomass (Lalander et al., 2019). After BSFL consumption, the residue of organic 

waste contains un-ingested organic matter and larval excreta, and is normally called 

ñfrassò (e.g., Beesigamukama et al., 2021; Tanga et al., 2022). Studies have shown that 

BSFL frass could be used as a fertilizer or soil amendment for cultivation of various plant 

species, such as basil (Ocimum basilicum L. [Lamiales: Lamiaceae]), French bean 

(Phaseolus vulgaris L. [Fabales: Fabaceae]), kale (Brassica oleracea L. var. acephala 

[Brassicales: Brassicaceae]), komatsuna (B. rapa L. var. perviridis [Brassicales: 

Brassicaceae]), lettuce (Lactuca sativa L. [Asterales: Asteraceae]), maize (Zea mays L. 

[Poales: Poaceae]), pak choi (B. rapa L. subsp. chinensis), parsley (Petroselinum crispum 

(Mill.) Fuss [Apiales: Apiaceae]), ryegrass (Lolium multiflorum Lam. [Poales: Poaceae]), 

Swiss chard (Beta vulgaris L. [Caryophyllales: Amaranthaceae]), and tomato (Solanum 

lycopersicum L. [Solanales: Solanaceae]) (Anyega et al., 2021; Beesigamukama et al., 

2021; Borkent & Hodge, 2021; Chirere et al., 2021; Kawasaki et al., 2020; Klammsteiner 

et al., 2020; Menino et al., 2021; Setti et al., 2019; Tan et al., 2021). 

BSFL biomass harvested from bioconversion systems contains 37ï63% of crude protein, 

7ï39% of crude fat, 1ï9% of crude fiber, and 9ï28% of minerals on a dry matter basis 

(Barragan-Fonseca et al., 2017; J·zefiak et al., 2016). A large body of research has been 
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conducted to evaluate the potential of using BSFL meal as a protein source in animal 

feeds (Table 1.2). In most studies reviewed here, BSFL meal could only replace a 

proportion of conventional protein sources, such as fish meal or soybean meal. The factors 

limiting the use of BSF meal are its high crude fat content and high proportion of saturated 

fatty acids, and thus further processing (e.g., defatting) of BSFL meal is preferrable 

(Barragan-Fonseca et al., 2017; Zarantoniello et al., 2020; Zhou et al., 2018). Fortunately, 

BSFL fatty acid profile is changeable through dietary modification (Barroso et al., 2017; 

Erbland et al., 2020). Therefore, BSFL meal with more desirable fatty acid profiles could 

be derived from larvae fed with diets enriched with wastes or supplements rich in 

unsaturated fatty acids (Agbohessou et al., 2021; Bruni et al., 2020). In addition, 

providing live BSFL to farmed animals is suggested where applicable, as live larvae not 

only provide nutrients, but also serve as environmental enrichment for animals to improve 

their welfare (Ipema et al., 2020, 2021). Nevertheless, a factor that currently limits the 

use of BSFL biomass in animal feed is its high production costs (Ffoulkes et al., 2021). 

Therefore, there is an urgent need to reduce operational costs for producing BSFL 

biomass through optimizing BSF rearing environments. 

BSFL-derived nutrients could also be used to support growth of animals that are mass 

produced not for human consumption. For example, in sterile insect technique programs, 

Aedes aegypti Meigen (Diptera: Culicidae) and A. albopictus Skuse (Diptera: Culicidae) 

larval diets could comprise 50% of BSFL meal (Mamai et al., 2019). Dindo et al. (2016) 

showed that adding BSFL hemolymph in artificial diet improved development of Exorista 

larvarum L. (Diptera: Tachinidae), a larval parasitoid of Lepidoptera. Moreover, 

wounded BSFL may be live hosts to produce entomopathogenic nematodes (Tourtois et 

al., 2017). 
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Subject to local legislations, BSFL fed with abattoir waste, animal manure, or restaurant 

waste may not be allowed as a feed ingredient for farmed animals (Bosch et al., 2019). In 

such circumstances, BSFL may be used to feed animals not purposed for food (e.g., pets 

or the animals mentioned above) or to be processed into other products. The protein 

fraction of BSFL biomass could be processed into a bioplastic that may be used to produce 

biodegradable pots, mulching films, or packaging (Nuvoli et al., 2021; Setti et al., 2020); 

whereas the lipid fraction could be used to produce bio-fuel or detergents (Franco et al., 

2022; Kamarulzaman & Abdullah, 2020). The remaining fraction of BSFL, as well as 

some by-products from BSF farming such as puparia and dead adults, would contain 

mostly chitin, which could be extracted and used in agricultural, healthcare, or waste 

management sectors (Pasquier et al., 2021). 

Globally, there is an increasing number of businesses being established to manage locally 

generated organic waste using bioconversion systems employing BSFL (Figure 1.3). 

 

Figure 1.3 Some of the businesses established to convert local organic wastes into black 

soldier fly (Hermetia illucens) larval biomass. Numbers next to the business logos 

indicate the year when the businesses were founded. Image by Z. Liu, 2022; CC BY. 

 



DŜƴŜǊŀƭ ƛƴǘǊƻŘǳŎǘƛƻƴ 
 

мо 
 

Table 1.2 Maximum suggested inclusion ratio (%) of full fat or partially defatted black soldier fly (Hermetia illucens) larval meal (BSFLM) in 

feeds for different domestic animal species. 

Class Species Type Full-fat BSFLM Partially defatted BSFLM 

Mammalia Pig (Sus domesticus Erxleben) Weaner 2ï18.5 1ï4 5.4ï10 4, 5 

  Growing 30.5 6  

  Finishing 8ï14 7, 8  

 Dog (Canis familiaris L.) Adult beagle  20 9 

Aves Chicken (Gallus domesticus L.) Broiler 0.2ï20 10ï12 7.5ï15 13ï15 

  Layer 3ï10 16, 17 4ï17 18ï20  

 Quail (Coturnix coturnix L.) Broiler  5.4ï15 21, 22 

  Layer 13.2 23 15 24 

Reptilia Chinese soft-shell turtle (Pelodiscus sinensis 

Wiegmann) 

Juvenile  4.2 25 

  Adult  8.5 26 

Actinoperygii Atlantic salmon (Salmo salar L.) Pre-smolt 16.1 27  

  Post-smolt 14.8 28  

 Rainbow trout (Oncorhynchus mykiss 

Walbaum) 

Juvenile 8ï10.5 29, 30 6.2ï40 31ï33 

 European sea bass (Dicentrarchus labrax L.) Juvenile 14.8 34 19.5 35 

(continued on next page)
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Table 1.2 (continued) Maximum suggested inclusion ratio (%) of full fat or partially defatted black soldier fly (Hermetia illucens) larval meal 

(BSFLM) in feeds for different domestic animal species. 

Class Species Type Full-fat BSFLM Partially defatted BSFLM 

Actinoperygii Nile tilapia (Oreochromis niloticus L.) Juvenile 8ï33.6 36ï38 18.5 39 

 Siberian sturgeon (Acipenser baerii Brandt) Juvenile 15ï30 40, 41 18.5 42 

 Jian carp (Cyprinus carpio var. jian) Juvenile  7.9 43 

 Minor carp (Cyprinus carpio var. specularis) Juvenile 13.1 44  

 African catfish (Clarias gariepinus Burchell) Juvenile 7.5 45 17.2 46 

Malacostraca Pacific white shrimp (Litopenaeus vannamei 

Boone) 

Post larvae 9.5ï29 47, 48 10.5 49 

1ï48 References: 
1 (Chia et al., 2019), 2 (Yu et al., 2020), 3 (Tang et al., 2022), 4 (Spranghers et al., 2018), 5 (Biasato et al., 2020a), 6 (Kar et al., 2021), 7 (Chia et 

al., 2021), 8 (Yu et al., 2019), 9 (Freel et al., 2021), 10 (Murawska et al., 2021), 11 (J·zefiak et al., 2018), 12 (Onsongo et al., 2018), 13 (Dabbou et 

al., 2018), 14 (Kim et al.), 15 (Biasato et al., 2020b), 16 (Liu et al., 2021), 17 (Bejaei & Cheng, 2020), 18 (Park et al., 2021), 19 (Moniello et al., 2019), 
20 (Secci et al., 2018), 21 (Mbhele et al., 2019), 22 (Cullere et al., 2018), 23 (Harlystiarini et al., 2020), 24 (Dalle Zotte et al., 2019), 25 (Shang et al., 

2022), 26 (Li et al., 2021), 27 (Weththasinghe et al., 2021), 28 (Bruni et al., 2020), 29 (Hossain et al., 2021), 30 (Cardinaletti et al., 2019), 31 (Renna 

et al., 2017), 32 (Caimi et al., 2021), 33 (Bordignon et al., 2022), 34 (Abdel-Latif et al., 2021), 35 (Magalh«es et al., 2017), 36 (Wachira et al., 2021), 
37 (Devic et al., 2018), 38 (Agbohessou et al., 2021), 39 (Dietz & Liebert, 2018), 40 (Rawski et al., 2021), 41 (Rawski et al., 2020), 42 (Caimi et al., 

2020), 43 (Li et al., 2017), 44 (Xu et al., 2020), 45 (Adeoye et al., 2020), 46 (Fawole et al., 2020), 47 (Chen et al., 2021), 48 (Cummins et al., 2017), 
49 (Richardson et al., 2021) 
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1.3 Thesis aims and layout 

The present work aims to optimize the BSF rearing environment through studying larval 

nutritional requirements and factors influencing pupation and reproduction (Figure 1.4). 

Chapters 2, 3, 4, and 5 are presented as manuscripts, which are published in peer-reviewed 

international journals. I have tried to minimize repetition between chapters, although 

some repetition was still necessary to form stand-alone works. The published or submitted 

chapters were reformatted in style to achieve cohesion of the thesis. 

 

 

Figure 1.4 An illustration of the research conducted in this thesis to optimize the rearing 

environment for the black soldier fly (BSF; Hermetia illucens) at different life stages. 

Image by Z. Liu, 2022; CC BY. 
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In Chapter 2, I tested BSFL with four types of substrates and examined larval life history 

traits, nutritional composition at the harvest stage (i.e., prepupae), diet consumption rates, 

and nutrient conversion ratios. This experiment was a part of a commercial project, and 

the substrates were selected by the clients. In addition, a meta-analysis was performed to 

understand the impact of dietary lignocellulosic content on BSFL development. This 

work contributes to the knowledge on why and how waste nutrient composition would 

influence the efficiency of a bioconversion system employing BSFL, and helps to select 

or combine suitable waste types to be consumed by BSFL. 

The objective of Chapter 3 was to optimize the substrate environment for BSF pupation. 

I determined prepupal mortality, pupation rate, and pupation depth in response to two 

pupation substrates (vermiculite and wood chips) and at nine moisture content levels. 

While providing pupation substrate may fulfil thigmotactic requirement by BSF 

prepupae, adjusting substrate moisture level would balance the availability of both water 

and oxygen for the insects. 

Successful operation of a bioconversion system employing BSFL requires year-round and 

consistent supply of neonatal larvae. Because BSF mating is affected by temperature and 

light, the most reliable measure to achieve this goal would be breeding BSF in 

temperature controlled indoor spaces using artificial lighting The objective of Chapter 4 

was to test four artificial light sources for their effects on supporting BSF mating success. 

Irradiance across different wavebands was measured for each light source. BSF mating 

success was indicated by the presence of sperm in BSF female spermathecae. Moreover, 

two BSF colonies were compared under the same types of lights, highlighting importance 

of maintaining a healthy BSF stock colony for improving neonatal supply. 
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In Chapter 5, I studied possible effects of increasing adult density and reducing 

photoperiod on BSF reproductive output, with the aim of optimizing BSF neonatal 

production within a limited indoor space and reducing costs of artificial lighting. 

Combinations of three different adult densities and three light regimes were tested. While 

the total reproductive output directs the selection of adult density and light regime, mean 

individual reproductive output and adult mortality revealed the effects of adult density 

and light regime on BSF adult fitness. 

In Chapter 6, I addressed the major findings of my research and implications for future 

research to optimize BSFL diet, BSF pupation substrate, visual environment for BSF 

mating. Also discussed are the potential use of life tables and the importance of 

maintaining a genetically healthy BSF colony for organic waste bioconversion. Finally, I 

presented a summary of practical recommendations based on my study, which could be 

directly applied to BSF farming. 
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Abstract 

This study aimed to determine the suitability of several organic waste substrates to be 

processed by the larvae of the black soldier fly, Hermetia illucens (L.) (Diptera: 

Stratiomyidae) (BSFL) in a value-added bioconversion system. Three types of organic 

waste (brewerôs waste, solid phase of pig manure, and semidigested grass) were tested 

and compared with a standard larval diet, broll (wheat middling). Larval survival and 

growth, chemical composition of the resulting prepupae, conversion ratios of nutrients 

and waste dry matter, and waste reduction rate were measured. Larval survival was high 

in all tested substrates. Compared with the larvae fed pig manure or semidigested grass, 

those fed standard diet or brewerôs waste showed shorter development time, higher 

weight gain, and higher prepupal crude protein and crude fat content. BSFL also reduce 

more dry matter in the standard diet or in brewerôs waste than in the other two substrates. 

On the other hand, larvae fed semidigested grass took 70 d to complete development and 

suffered fat loss. Thus, we suggest that brewerôs waste is the most suitable substrate 

among the selected wastes for being processed by BSFL, whereas semidigested grass is 

an unsuitable substrate. We found that lignin had a significantly negative effect on larval 

growth, and emphasize the importance of applying lignin-digesting microorganisms to 

lignin-rich substrates being converted by BSFL. Moreover, a protein:fat:digestible 

carbohydrate ratio of 2:1:2 was hypothesized to benefit larval development. 

 

 

YŜȅǿƻǊŘǎΥ black soldier fly, larval development, organic waste bioconversion, 

nutritional composition, lignin 
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2.1 Introduction 

Organic waste is generated worldwide at a rapid rate. Annual organic waste generation 

was about 600 million tons within the first decades of this century, and is projected to be 

approximately one billion tons by 2025 (Hoornweg & Bhada-Tata, 2012). The current 

prevailing approach for organic waste disposal is landfill, which can potentially 

contribute to global warming and soil and water pollution, thus becoming a growing 

concern for society (Christensen et al., 2010; Hoornweg & Bhada-Tata, 2012). 

A promising alternative solution for organic waste management is the use of insects to 

convert organic waste into insect biomass, which can then be used as an animal feed 

ingredient (El Boushy, 1991; Elissen et al., 2006; Makkar et al., 2014; Ramos-Elorduy et 

al., 2002). Black soldier fly (BSF) Hermetia illucens (L.) (Diptera: Stratiomyidae) larvae 

have been suggested as effective organisms for converting many types of organic waste, 

such as food waste, waste plant tissues, animal offal, and animal manure, into insect 

biomass (Kalov§ & Borkovcov§, 2013; Myers et al., 2008; Nguyen et al., 2015; St-Hilaire 

et al., 2007a). The resulting larval biomass has been proven to be a useful feed ingredient 

for farmed animals such as pigs, chickens, and fish (Hale, 1973; Lock et al., 2016; 

Newton et al., 1977; St-Hilaire et al., 2007b). 

In this study, the performance of BSF larvae (BSFL) in converting locally-generated 

organic waste into insect biomass was assessed in a bench-top laboratory experiment, 

where larval feeding rate (i.e., the amount of diet offered to an individual larva at a certain 

frequency) was fixed, and all the prepupae generated by the experiment were harvested. 

Three types of organic waste, i.e., brewerôs waste, semidigested grass, and the solid phase 

of pig manure, were selected based on their current management in relevant businesses 

in New Zealand, and the associated economic and environmental costs. Brewerôs waste 
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is the spent barley from beer production. In New Zealand, some quantity of it is collected 

by pig farmers, while the rest, especially that generated by urban craft brewers, is dumped 

to landfill. Semidigested grass, which is the paunch waste from deer slaughtering, is all 

dumped to landfill. Organic waste was reported to account for the largest proportion of 

landfill in New Zealand (Ministry for the Environment, 2009), with the single landfill 

(Victoria Flats landfill) in the South Island reporting to have received 152 tons of organic 

waste per week (Waste Not Consulting, 2016). Thus, landfilling of brewerôs waste and 

semidigested grass does not only increase financial costs in the relevant industries, but 

also increases the burden of organic waste management in New Zealand. The solid phase 

of pig manure (hereafter, pig manure) is often used as an organic fertilizer after being 

composted (Hjorth et al., 2010). However, during conventional composting, carbon and 

nitrogen in pig manure are converted into carbon dioxide, methane, nitrous oxide, and 

nitrate, leading to greenhouse gas emission and a waste of nutrients (Sommer, 2001; 

Tiquia et al., 2002). 

The selected organic wastes were tested in comparison with broll ð a mixture of wheat 

bran and wheat flour. Broll is normally used for chicken feed and has been used as a 

standard diet to rear BSFL in our laboratory for several generations. Larval development, 

prepupal chemical composition, and bioconversion efficiency of BSF were recorded for 

each type of diet. 

BSFL can barely degrade lignin (Zheng et al., 2012), which makes it difficult for them to 

break down and utilize lignin-protected hemicellulose and cellulose for their growth 

(Ohkuma, 2003). Therefore, we also conducted a meta-analysis combining the data 

obtained in the current study with data from published sources, in order to investigate the 

effect of lignin content on BSF larval growth. 
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2.2 Materials and methods 

нΦнΦм .ƭŀŎƪ ǎƻƭŘƛŜǊ Ŧƭȅ Ŏƻƭƻƴȅ 

The insects used in this experiment were derived from a colony maintained in a 

glasshouse at the Plant Growth Unit, Massey University, Palmerston North, New 

Zealand. The colony was initiated from larvae collected from New Zealand wild 

populations at Thames, Coromandel Peninsula (37Á03ǋS, 175Á52ǋE), Pukenui, Northland 

(34Á82ǋS, 173Á15ǋE), and Palmerston North, Manawatu (40Á36ǋS, 175Á64ǋE). The colony 

had been maintained using food scraps in a BioPod Plus (Prota Culture Ltd.) for 1 yr, and 

then it was transferred to broll, referred to as the standard diet hereafter, with a similar 

method as described by Sheppard et al. (2002). At the time the experiments described 

here were conducted, the colony had been maintained on broll for 2 mo. Briefly, while 

the colony was maintained using BioPod Plus, female flies laid eggs in the pod, where 

food scraps were fed to the larvae ad libitum. The prepupae were collected daily and then 

transferred into a tray containing vermiculite to facilitate pupation and adult emergence. 

By contrast, when the colony was maintained on broll, females laid into flutes of 

corrugated cardboard, where they were attracted to lay eggs by fermented larval-

consumed diet (Nakamura et al., 2016). The eggs were removed from the flutes and taken 

to an insect rearing room (24.5 Ñ 1.5ÁC, 40 Ñ 10% relative humidity [R.H.], 12L:12D) for 

hatching. Ten egg clutches were placed on 300 g of standard diet in a 500-ml glass jar 

(ca. 8.5 cm in diameter, 8 cm in depth) sealed with a layer of paper towel and a metal lid 

frame to initiate a larval óbatchô. The standard diet was prepared by adding 200 ml tap 

water to 100 g of the diet. Egg clutches were placed on the moist diet during their hatching 

period, so the humidity of the microenvironment inside the jar was kept high to allow egg 

hatching (Holmes et al., 2012). It took 2ï3 d for egg hatching, and all the fertile clutches 
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hatched. After 7 d, the larval batch was fed 1,500 g of standard diet for the first 2 wk, and 

after that 750 g of standard diet weekly until more than 70% of the larvae had reached the 

prepupal stage. The larvae and prepupae were then left in the consumed diet for 7 d, after 

which they were taken to the glasshouse to complete metamorphosis. 

 

нΦнΦн hǊƎŀƴƛŎ ǿŀǎǘŜǎ ǳǎŜŘ ŦƻǊ ǘƘŜ ƭŀǊǾŀƭ ŘƛŜǘ ŜȄǇŜǊƛƳŜƴǘ 

Broll was supplied by the Animal Science Department, Massey University, New Zealand. 

Brewerôs waste was provided by Garage Project, Wellington, New Zealand. Pig manure, 

i.e., solid phase that had been isolated by a pig-effluent solid-liquid separation system, 

was collected from Ratanui Development Co. Ltd., Feilding, New Zealand. Semidigested 

grass was acquired from Ovation New Zealand Ltd., Feilding, New Zealand. Each type 

of diet was homogenized, randomly divided into 50-g packs, and kept frozen at ī20ÁC 

for further use. One pack per diet was sent for chemical analyses. 

Prior to feeding the different diets to the BSFL, a pack of each diet was removed from the 

freezer and maintained at room temperature for 12 h to thaw. BSFL diets with a moisture 

content between 70 and 90% have been shown to benefit larval development (He, 2010). 

Therefore, the moisture content of the standard diet and pig manure was adjusted to 75 

and 79%, respectively. The brewerôs waste and semidigested grass diets were not 

adjusted, as their original moisture content was 78 and 88%, respectively. 
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нΦнΦо 9ȄǇŜǊƛƳŜƴǘŀƭ ŘŜǎƛƎƴ 

More than 10 egg clutches were obtained from the glasshouse within a 24-h period, and 

transferred to the insect rearing room, as mentioned above. All the egg clutches were 

placed in a 500-ml glass jar (ca. 8.5 cm in diameter, 8 cm in depth) sealed with a layer of 

paper towel. The glass jar was placed into a plastic storage box (25 Ĭ 25 Ĭ 25 cm) with 

two vented walls. Because high humidity levels are preferable for BSF egg hatching 

(Holmes et al., 2012), a layer of wet cotton wool was placed at the bottom of the box to 

increase the humidity within the storage box to 92 Ñ 3%. 

The eggs were observed daily. On the day of hatching, 25 groups of 50 neonatal larvae 

were each transferred onto 15 g of the standard diet in separate 30-ml plastic jars (2.5 cm 

in diameter, 7 cm in depth). The jars were then each sealed with a layer of paper towel to 

prevent larval escape. These 25 jars are hereafter referred to as ónurseryô jars. The larvae 

were then reared in these jars for 7 d. 

Thirty 7-d-old larvae were randomly selected from a nursery jar, weighed as a group, and 

placed into a clean 70-ml plastic jar (4.5 cm in diameter, 5.5 cm in depth) containing 

either brewerôs waste, semidigested grass, pig manure, or the standard diet. These larvae, 

which were used to initialize the experiment, are referred to as óinitial larvaeô. Each jar 

was then sealed with a layer of paper towel. The same method was repeated five times to 

have five replicates per diet (i.e., in total four diets with five jars per diet). The larvae 

were supplied with fresh diet at a rate of 200 mgĀlarvaī1 dayī1. The larvae from the 

remaining five nursery jars were pooled together and 150 larvae were randomly selected 

as óbaseline larvaeô. The baseline larvae were weighed as a group, stored at ī20ÁC, and 

then further analyzed to represent the chemical composition of the initial larvae. 



/ƘŀǇǘŜǊ н 

пн 
 

Larval development in all replicate jars was observed every 5 d. During each observation, 

prepupae were collected while the remaining larvae were provided with fresh diet for the 

next 5 d, which resembled prepupal self-harvesting (Sheppard et al., 1994). Prepupae do 

not have gut content because 1) they empty their gut during the last molt, and 2) they do 

not feed due to their reduced and immobile mouthparts (May, 1961). The prepupae and 

the consumed diet were stored at ī20ÁC for further analyses. The amount of diet supplied 

for the next 5 d was adjusted according to the feed rate mentioned above, the number of 

remaining larvae, and the number of days until the next feeding. Therefore, the total diet 

supplied per replicate declined with time, which reduced the overall water retention 

capacity of the diet. Thus, to avoid dehydration of the diet, smaller containers with 

narrower openings were used to accommodate the remaining larvae as their numbers 

declined, i.e., 70-ml plastic jars for 15ï30 larvae, 30-ml plastic jars for 6ï14 larvae, and 

6-ml plastic vials (1 cm in diameter, 7.5 cm in depth) for individual larva when less than 

six larvae were left in a replicate. After the last surviving larvae per diet had turned into 

prepupae, they were pooled together with those that had emerged earlier and were then 

sent for chemical analyses. 

 

нΦнΦп /ƘŜƳƛŎŀƭ ŀƴŀƭȅǎŜǎ 

The chemical analyses of all the diets, baseline larvae, and prepupae collected per diet 

were conducted by the Nutrition Laboratory, Massey University, Palmerston North, New 

Zealand. 

Sample dry weight was determined after drying the samples at 105ÁC using a Contherm 

Thermotec 2000 oven (Contherm Scientific Ltd., Lower Hutt, New Zealand), according 
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to the method 930.15 of the Association of Official Analytical Chemist (Association of 

Official Analytical Chemists (AOAC), 2005). Ash (inorganic matter) was determined by 

complete combustion at 550ÁC in an Elecfurn furnace (Electric Furnace Ltd., Auckland, 

New Zealand) (AOAC, 2005; method 942.05). Total nitrogen was determined by 

combustion using a Leco CNS 200 Analyzer (Leco Corporation, St. Joseph, MI, U.S.) 

(AOAC, 2005; Dumas Method, method 968.06). Fat content was determined by ether 

extraction using a Tecator Soxtec System HT 1043 Extraction Unit (Foss Analytical, 

Slangerupgade 69, 3400 Hillerßd, Denmark) (AOAC, 2005; method 991.36). Larval diets 

were analyzed for neutral detergent fiber (NDF), acid detergent fiber (ADF), and lignin 

content using the Fibretec 2010 Auto Fiber Analysis System (Foss Analytical, 

Slangerupgade 69, 3400 Hillerßd, Denmark) (AOAC, 2005; method 2002.04). The gross 

energy in all diets was determined using a Leco AC-350 Calorimeter (Leco Corporation). 

 

нΦнΦр /ŀƭŎǳƭŀǘƛƻƴǎ ŀƴŘ ǎǘŀǘƛǎǘƛŎǎ 

The nonfiber carbohydrates (NFC) content of all diets was calculated by mass balance. 

Crude protein was calculated from the total nitrogen in each diet using the generic 

nitrogen-to-protein conversion factor of 6.25 (Moore et al., 2010). 

For each diet, initial larval dry weight was calculated as initial larval fresh weight 

multiplied by the average dry matter content of the baseline larvae (23.67%). Prepupal 

dry weight was calculated by dividing the total dry weight of prepupae by the number of 

prepupae. Larval weight gain was determined using prepupal dry weight minus initial 

larval dry weight. Average weight gaining rate was calculated as larval weight gain 

divided by developmental time. 
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The mineral, crude protein, and crude fat content in the initial larvae were calculated using 

the nutritional profile of the baseline larvae. The content of these nutrients in the resulting 

prepupae per diet was measured as aforementioned. The weight of mineral and crude 

protein in the initial larvae and prepupae was calculated using their fresh weights and 

nutritional profiles. The conversion ratios of mineral and crude protein in each diet were 

calculated as the difference in weights between the prepupae in each diet and the initial 

larvae, divided by the total input of these two components (mineral and crude protein), 

respectively. 

The ratios of waste dry matter that had been reduced, converted into insect biomass, or 

metabolized were calculated for each diet using equation (1), (2), or (3), respectively, 

whereby W is the total dry weight of the organic waste material supplied during the 

experiment, R is the total dry weight of the residue after the experiment and G is the 

difference between prepupal and initial larval dry weight. The initial larval dry weight 

was estimated using the fresh weight of the initial larvae and the dry matter content of the 

baseline larvae. 

Ratio of reduced waste dry matter = 
W - R
W
 Ĭ 100%                            (1) 

Ratio of converted waste dry matter = 
G
W
 Ĭ 100%                             (2) 

Ratio of metabolized waste dry matter = 
R - G
W
 Ĭ 100%                    (3) 

Waste conversion efficiency measures the percentage of diet dry matter loss that was 

converted to insect biomass. This parameter was calculated for each diet using equation 

(4). Following Diener et al. (2009), waste reduction rate was calculated using equation 



.ƛƻŎƻƴǾŜǊǎƛƻƴ ƻŦ ƻǊƎŀƴƛŎ ǿŀǎǘŜ ōȅ .{C[ 
 

пр 
 

(5), whereby T is the average developmental time. 

Waste conversion efficiency = 
G
W - R

 Ĭ 100%                              (4) 

Waste reduction rate = 
W - R
T
 Ĭ 100%                                          (5) 

Average prepupal dry weight, conversion ratios of mineral, crude protein, and ratio of 

converted waste dry matter were analyzed using one-way analyses of variances 

(ANOVAs), followed by Tukeyôs honestly significant differences post-hoc tests if the 

overall F-test was significant. Survival, developmental time, weight gaining rate, and 

waste conversion efficiency were analyzed using Welch ANOVAs followed by Gamesï

Howell tests, because the assumption of homogeneity of variance for standard ANOVA 

was violated for these parameters. Outliers were found in waste reduction rate and ratios 

of reduced and metabolized waste dry matter. Therefore, the KruskalïWallis H tests were 

used for these parameters, followed by MannïWhitney U tests with Bonferroni 

corrections for multiple comparisons. General linear models (using normal distribution) 

were used in the meta-analysis. Calculations and statistical analyses were performed 

using SPSS Statistics v. 23 (SPSS Inc., Chicago, IL), with the significance level for all 

tests set at Ŭ = 0.05. 

 

нΦнΦс LƳǇŀŎǘ ƻŦ ƭƛƎƴƛƴ ƻƴ ƭŀǊǾŀƭ ƎǊƻǿǘƘΥ ŀ ƳŜǘŀπŀƴŀƭȅǎƛǎ 

To analyze the impact of lignin on larval growth, the data from the current study and from 

two published studies by Rehman et al. (2017a, b) were used. Due to the different 

definitions of final larval dry weight used in the three studies, and the lack of initial larval 
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dry weight in Rehman et al. (2017a, b), larval growth rate was used in the meta-analysis; 

this was calculated by dividing final larval dry weight by developmental time. 

Considering possible effects from not only lignin content, but also from the experimental 

setup (e.g., black soldier fly strain, temperature, larval density, etc.) per se, and the 

interaction between the experimental setup and lignin content, we combined the 

observations of the three experiments and fitted the data to a general linear model, with 

experiment as a fixed factor and lignin content as a covariate. A scatter plot between 

actual and predicted larval growth rate was drawn to illustrate the fit of the model with 

the data. 

The same meta-analysis was also conducted for NDF (R2 = 81.00%; Table S2.1), ADF 

(R2 = 94.22%; Table S2.3), hemicellulose (calculated as NDF ī ADF; R2 = 35.11%; Table 

S2.5), and cellulose (calculated as ADF ī lignin; R2 = 90.72%; Table S2.7). 

Hemicellulose did not have a significant effect on larval growth (Tables S2.5 and S2.6), 

while all the other types of fiber showed significant negative effects on larval growth 

(Tables S2.2, S2.4, and S2.8). Moreover, among all the types of fiber addressed by our 

meta-analyses, lignin (R2 = 95.40%; Table 2.3) had the strongest impact on larval growth 

(Table 2.4, Tables S2.2, S2.4, and S2.8). 

 

2.3 Results 

нΦоΦм /ƘŜƳƛŎŀƭ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ǎŜƭŜŎǘŜŘ ƻǊƎŀƴƛŎ ǿŀǎǘŜǎ 

The organic wastes used in this study varied in their chemical composition and were 

shown to have a considerable amount of nutrients that could be potentially converted into 

insect biomass (Table 2.1). For instance, the highest ash content was found in pig manure. 
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Both brewerôs waste and pig manure were rich in protein, whereas brewerôs waste had 

the highest fat content among the tested diets (Table 2.1). Fiber composition varied across 

diets. Approximately 60 to 75% of the dry matter in the selected organic wastes was 

comprised of plant fiber (Table 2.1). The NFC content of the diets was not determined by 

our chemical analyses, but instead was calculated by mass balance. The standard diet had 

the highest NFC content, followed by brewerôs waste and semidigested grass. Pig manure 

contained no NFC (Table 2.1). 

нΦоΦн [ŀǊǾŀƭ ŘŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ǎǳǊǾƛǾŀƭ 

Larval survival was not significantly different across diets (F3, 8.5 = 3.61; P = 0.062) (Table 

2.2). About 98% of the larvae fed the standard diet, brewerôs waste, and pig manure 

survived during the experiment, while a lower percentage of larvae survived on 

semidigested grass. Developmental time was, by contrast, significantly affected by the 

diet (F3, 7.45 = 61.97; P < 0.001) (Table 2.2). Larvae fed brewerôs waste took significantly 

less time to develop into prepupae than those fed the standard diet and pig manure (F2, 12 

= 21.73; P < 0.001), with no significant differences found between the latter two diets. 

The longest larval developmental time (70 d) was recorded in semidigested grass. 

Average weight gaining rate of larvae significantly differed across the different diets (F3, 

7.27 = 1120.83; P < 0.001), with the highest weight gaining rate observed in the standard 

diet, followed by brewerôs waste, pig manure, and semidigested grass (Table 2.2). The 

same pattern was observed for prepupal weight (F3, 16 = 419.58; P = 0.001) (Table 2.2). 

The diets in which larvae had a significantly higher weight gaining rate also resulted in 

significantly higher prepupal weight (Table 2.2). Given the excessively long 

developmental time of larvae fed semidigested grass and their little weight gain, this diet 

was considered as unsuitable to be converted by BSFL, and thus was excluded from 

further analyses regarding waste reduction and bioconversion.
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Table 2.1 Chemical composition of a standard diet (broll), brewerôs waste, pig manure, and semidigested grass used in this study as feeding 

substrates for black soldier fly (Hermetia illucens L.) larvae. 

Chemical composition Standard diet Brewerôs waste Pig manure Semidigested grass 

Moisture content (%) 75 78 79 88 

Ash (g/100 g) 4.6 3.7 13.7 7.5 

Crude protein (g/100 g) 15.6 22.6 26.6 15.0 

Crude fat (g/100 g) 2.9 5.8 1.2 1.4 

Neutral detergent fiber (g/100 g) 39.7 59.0 61.2 75.1 

Acid detergent fiber (g/100 g) 12.8 20.3 33.3 44.7 

Lignin (g/100 g) 3.6 4.4 11.4 17.7 

NFC (g/100 g) 37.2 8.9 0 1 

Gross energy (kj/100 g) 1887.0 2084.0 1837.3 1932.1 

The values are presented on a dry matter basis except for moisture content. 
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Table 2.2 Survival, developmental time, larval weight gain, average weight gaining rate, and prepupal weight for black soldier fly (Hermetia 

illucens L.) larvae fed a standard diet (broll), brewerôs waste, pig manure, and semidigested grass. 

Parameters Standard diet Brewerôs waste Pig manure Semidigested grass 

Survival (%) 98.00 Ñ 0.82 98.00 Ñ 1.33 98.67 Ñ 0.82 88.67 Ñ 2.71 

Developmental time (days) 17.32 Ñ 0.24b 14.97 Ñ 0.10a 17.30 Ñ 0.43b 70.00 Ñ 5.09c 

Larval weight gain (mg) 48.48 Ñ 1.62d 34.54 Ñ 0.73c 13.98 Ñ 1.19b 2.63 Ñ 0.79a 

Average weight gaining rate (mgĀdayī1) 2.80 Ñ 0.06d 2.31 Ñ 0.04c 0.80 Ñ 0.07b 0.04 Ñ 0.01a 

Prepupal dry weight (mg) 58.70 Ñ 1.47d 45.48 Ñ 0.67c 24.16 Ñ 0.90b 12.98 Ñ 0.80a 

Different letters (a,b,c,d) within a row indicate significant differences across diets (P < 0.05). Larval weight gain, average weight gaining rate and 

prepupal weight are presented on a dry matter basis. 

The values are means Ñ SE, n = 5. 
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In the meta-analysis of the impact of diet lignin content, experimental setup, and their 

interaction on larval growth, it was found that all three factors had significant effects on 

larval growth rate, and the effect of experimental setup was greater than that of the other 

two sources of variation (Tables 2.3 and 2.4). The general linear model appeared to be 

robust (Table 2.3, Figure 2.1). Lignin content of the diet was negatively correlated with 

larval growth rate (Table 2.4, Figure 2.2). 

 

Table 2.3 Summary of the general linear model conducted as part of the meta-analysis 

carried out in this study to test the impact of lignin on black soldier fly (Hermetia illucens 

L.) larval growth rate. 

Source df Sequential SS F P 

Lignin content 1 4.56 94.11 <0.001 

Experimental setup 2 3.02 31.11 <0.001 

Lignin content Ĭ 

experimental setup 
2 2.47 25.48 <0.001 

Error 10 0.48   

Total 15 10.54   

Data from this study and Rehman et al. (2017a, b) was used to build the general linear 

model, with experiment being a fixed factor and lignin content as a covariate. 

R2 = 95.40%, adjusted R2 = 93.10%, predicted R2 = 83.78%. 
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Table 2.4 Meta-analysis testing the impact of diet lignin content and experimental setup 

on black soldier fly (Hermetia illucens L.) larval growth rate. 

Term Coefficient SE T P 

Intercept 2.53 0.19 13.27 <0.001 

Lignin content ī0.12 0.02 ī6.75 <0.001 

Experimental setup     

This study 1.55 0.23 6.89 <0.001 

Rehman et al. 2017a ī0.39 0.35 ī1.13 0.28 

Lignin content Ĭ 

experimental setup 
    

This study ī0.10 0.02 ī4.88  0.001 
Rehman et al. 2017a 0.01 0.03 0.16 0.88 

Data from this study and Rehman et al. (2017a, b) was used to build the general linear 

model, with experimental setup as a fixed factor and lignin content as a covariate. 

 

 

Figure 2.1 Scatter plot of the actual black soldier fly (BSF) (Hermetia illucens L.) larval 

growth rates observed in this study (our data) and those by Rehman et al. (2017a, b) 

versus the predictions based on our meta-analysis of the impact of lignin content on BSF 

larval growth. 
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Figure 2.2 Growth rates of black soldier fly (BSF) (Hermetia illucens L.) larvae as related 

to the lignin content in the diets used in this study (our data) and those used by Rehman 

et al. (2017a, b). Fitted lines are those estimated by linear regression. 
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The different types of diet fed to the BSFL resulted in significant differences in the 

chemical composition of the resulting prepupae. There were no significant differences in 

prepupal crude protein content either between the standard diet and brewerôs waste, or 

between pig manure and semidigested grass, but the prepupae from the former two diets 

had significantly higher crude protein content than those from the latter two diets (F3, 16 

= 42.83; P < 0.001) (Table 2.5). All diets were significantly different from each other for 

mineral (i.e., ash) (F3, 7.89 = 1705.28; P < 0.001) and crude fat (F3, 16 = 1430.25; P < 0.001) 

content (Table 2.5). The highest mineral content was found in the prepupae fed 

semidigested grass, followed by pig manure, brewerôs waste, and the standard diet. The 

mineral content of the prepupae fed pig manure and semidigested grass was three to seven 

times higher than that of the prepupae fed the standard diet or brewerôs waste. The crude 
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fat content showed an opposite pattern to the mineral content, with the highest crude fat 

content found in the prepupae fed the standard diet and the lowest in the prepupae fed 

semidigested grass. 

Changes in BSFL chemical composition were observed during the experiment. The crude 

protein content of BSFL biomass decreased by 21ï28% during larval development, while 

the crude fat content increased by 41ï193%, except when larvae were fed semidigested 

grass. BSFL mineral content decreased when larvae were fed the standard diet or brewerôs 

waste, but increased by more than 260% when fed pig manure or semidigested grass 

(Table 2.5). 
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Table 2.5 Chemical composition of black soldier fly (Hermetia illucens L.) larvae at the start of the experiment (baseline larvae) and of resulting 

prepupae after feeding the larvae on a standard diet (broll), brewerôs waste, pig manure, or semidigested grass. 

Chemical composition Baseline larvae 
Prepupae 

Standard diet Brewerôs waste Pig manure Semidigested grass 

Ash content (g/100 g) 6.52 3.97 Ñ 0.23a 5.72 Ñ 0.10b 23.95 Ñ 0.24c 29.56 Ñ 0.72d 

Crude protein content (g/100 g) 64.05 50.55 Ñ 0.25b 49.89 Ñ 0.21b 45.94 Ñ 0.48a 46.39 Ñ 0.42a 

Crude fat content (g/100 g) 12.42 36.38 Ñ 0.43d 33.71 Ñ 0.31c 17.53 Ñ 0.40b 5.51 Ñ 0.37a 

Different letters (a,b,c,d) within a row indicate significant differences across diets (P < 0.05). The values are means Ñ SE presented on a dry matter 

basis, n = 5. 
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BSFL performed significantly differently in terms of reducing and recovering dry matter 

when fed different diets (Table 2.6). BSFL recovered a significantly higher proportion 

(F2, 12 = 234.67; P < 0.001) and metabolized a significantly higher proportion (H2 = 11.58; 

P = 0.003) of dry matter when fed the standard diet or brewerôs waste, resulting in 

significantly higher dry matter reduction ratios (H2 = 11.58; P = 0.003) compared to when 

fed pig manure, with no significant differences between the former two diets. BSFL 

reduced dry matter from the standard diet and brewerôs waste at similar rates, but reduced 

dry matter significantly more slowly when fed pig manure (H2 = 11.58; P = 0.008). 

However, there were no significant differences in waste conversion efficiency among the 

three diets (F2, 12 = 4.41; P = 0.063). During the experiment, and for all diets (except 

semidigested grass), 13ï40% of waste dry matter was reduced, but only up to about 17% 

of the reduced dry matter was converted into insect biomass. 

BSFL converted a significantly higher proportion of minerals from brewerôs waste than 

from the standard diet or pig manure (F2,12 = 409.13; P < 0.001) (Table 2.6). Mineral 

conversion ratio did not differ significantly between the standard diet and pig manure. All 

diets differed significantly from each other for crude protein conversion ratio (F2, 12 = 

35.60; P < 0.001), with the highest crude protein conversion ratio in larvae fed the 

standard diet, followed by brewerôs waste and pig manure (Table 2.6). 
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Table 2.6 Waste reduction and bioconversion by black soldier fly (Hermetia illucens L.) larvae when fed a standard diet (broll), brewerôs waste or 

pig manure. 

Parameters Standard diet Brewerôs waste Pig manure 

Total dry matter per replicate    

Waste fed to larvae (g) 26.12 Ñ 0.36c 19.66 Ñ 0.16a 21.97 Ñ 0.56b 

Residue (g) 17.28 Ñ 0.22b 12.05 Ñ 0.25a 18.91 Ñ 0.37c 

Proportion of waste dry matter    

Reduced (%) 33.76 Ñ 1.51b 38.69 Ñ 1.24b 13.81 Ñ 1.56a 

Converted (%) 5.43 Ñ 0.12b 5.13 Ñ 0.12b 1.86 Ñ 0.15a 

Metabolized (%) 28.34 Ñ 1.50b 33.56 Ñ 1.29b 11.95 Ñ 1.66a 

Waste    

Conversion efficiency (%) 16.19 Ñ 0.69 13.33 Ñ 0.65 14.65 Ñ 2.73 

Reduction rate (mg/day) 509.41 Ñ 23.58b 508.01 Ñ 14.87b 175.32 Ñ 19.85a 

Conversion ratios    

Mineral (%) 4.02 Ñ 0.38a 7.60 Ñ 0.27b 5.02 Ñ 0.26a 

Crude protein (%) 16.59 Ñ 0.48c 10.30 Ñ 0.25b 2.26 Ñ 0.30a 

Different letters (a,b,c) within a row indicate significant differences across diets (P < 0.05). The values are means Ñ SE on a dry matter basis, n = 5. 
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2.4 Discussion 

Three selected organic wastes (brewerôs waste, pig manure, and semidigested grass) were 

assessed in this study, in comparison with the standard diet (broll), for their suitability to 

be converted into BSFL biomass. During our experiment, more than 88% of the BSFL 

survived on the selected diets. BSFL gained significantly more weight when fed the 

standard diet or brewerôs waste, compared to when fed pig manure or semidigested grass, 

resulting in significantly higher prepupal weights. Comparable crude protein and fat 

content was measured in the prepupae fed the standard diet and brewerôs waste, which 

was significantly higher than that in the prepupae fed pig manure and semidigested grass. 

Moreover, BSFL were able to reduce significantly more dry matter from the standard diet 

and brewerôs waste than from the other two diets. Hence, among the selected organic 

wastes, brewerôs waste is the most suitable to be processed by the BSFL. 

BSFL fed semidigested grass took 70 d to develop into prepupal stage and gained 

negligible weight (0.04 mg/day). Moreover, it was noted that these larvae survived on 

their stored fat, as their fat content at the prepupal stage was lower than that of the baseline 

larvae (Table 2.5) (Tschirner & Simon, 2015). Therefore, semidigested grass is 

considered unsuitable for BSF-bioconversion. The poor larval growth on semidigested 

grass could be due to its high lignin content (17.7%), which is barely degradable by the 

BSF-bioconversion system (Zheng et al., 2012). Indeed, the meta-analysis of the impact 

of lignin on larval growth showed that larval growth rate, in terms of dry weight 

accumulation, is generally negatively correlated with lignin content in larval diet (Table 

2.4, Figure 2.2). Moreover, among the types of fiber addressed by our meta-analyses 

(ADF, NDF, hemicellulose, cellulose, lignin) all except hemicellulose had negative 

effects on larval growth, but lignin (R2 = 95.40%; Table 2.3) had the strongest impact. 
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The underlying mechanism is that, in nature, lignin is the least biodegradable plant fiber, 

and it protects hemicellulose and cellulose from being degraded (Brune, 2014; Ohkuma, 

2003; Ribeiro et al., 2016; Vanholme et al., 2010). Thus, the degradation of lignin in a 

BSF-bioconversion system limited the usage of plant fiber as a carbohydrate source for 

the larvae. 

A possible solution to this issue is co-conversion by microorganisms and BSFL. In Zheng 

et al. (2012), without the aid of microorganisms BSFL only degraded 0.8% of lignin in a 

mixture of rice straw and restaurant waste, whereas the addition of a commercial 

microorganism product (Rid-X) boosted the lignin degradation rate by 10 times. 

Microorganisms can also be obtained from natural resources, such as dairy manure 

(Ozbayram et al., 2018). Indeed, the lignin degradation rates by BSFL in substrates 

including dairy manure ranged from 25 to 66% (Li et al. 2011, Rehman et al. 2017a, b). 

The degradation of lignin exposes hemicellulose and cellulose, which can be further 

broken down (P®rez et al., 2002) and then utilized by BSFL. Some white-rot fungi (e.g., 

Phanerochaete chrysosporium (Burds.) (Polyporales: Phanerochaetaceae), Pleurotus 

ostreatus (Jacq.) (Agaricales: Pleurotaceae), and Ceriporiopsis subvermispora ((Pil§t) 

Gilb. & Ryvarden) (Polyporales: Meruliaceae) have been shown to selectively degrade 

lignin (Cullen, 1997; Vicu¶a, 2000), and thus may be useful for pretreatment of lignin-

rich substrates before BSF-bioconversion. 

The differences in BSFL life history traits across the diets tested here might also result 

from the differences in the composition of the digestible macronutrients in each diet. 

Oonincx et al. (2015) reported that a protein to fat ratio of 2.3:1 led to the fastest BSFL 

development in their experiment. Cammack and Tomberlin (2017) tested BSFL on diets 

with different protein (a mixture of casein, peptone, and egg albumen) to digestible 
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carbohydrate (a mixture of sucrose and white dextrin) ratios. They suggested that a 

protein to digestible carbohydrate ratio of 1:1 could significantly benefit BSFL 

development. Based on these two studies, we surmised that the balance of 

protein:fat:digestable carbohydrate ratio of BSFL diet is roughly 2:1:2. As discussed 

above, without effective removal of lignin, BSFL does not seem to be able to use plant 

fiber as a major source of carbohydrates for development. Thus, the prevailing digestible 

carbohydrate present in our larval diets was most likely NFC. The protein:fat:NFC ratios 

for the standard diet, brewerôs waste, pig manure, and semidigested grass were 

approximately 5:1:13, 4:1:1.5, 22:1:0, and 10:1:0.7, respectively. Given that the most 

balanced digestible macronutrient ratio was found in brewerôs waste, it is not surprising 

that the fastest BSFL development was recorded in this diet. 

In this study, the chemical composition of BSF prepupae was found to be affected by the 

larval diet. The protein content of the resulting prepupae ranged from 45.9 to 50.6%, 

which is consistent with previous studies (reviewed by Makkar et al., 2014). Interestingly, 

the protein content of the prepupae was not directly related to that of the larval diet. For 

example, the protein content of the standard diet was only 70% of that of brewerôs waste, 

but the prepupae fed those two diets had similar protein content. A possible explanation 

is that compared with the larvae fed brewerôs waste, those fed the standard diet had 

increased protein assimilation efficiency to maintain protein homeostasis (Simpson & 

Simpson, 1990). This is supported by the evidence that BSFL showed similar waste dry 

matter conversion ratios when fed the standard diet and on brewerôs waste, but converted 

a significantly higher proportion of protein into larval biomass when fed the standard diet 

than when fed brewerôs waste (Table 2.6). Such phenomenon is referred to as a 

compensatory response to nutritional deficiency and/or imbalance, which is mainly found 

in phytophagous insect species (Simpson & Simpson, 1990). For example, fifth instar 
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Locusta migratoria (L.) (Orthoptera: Acrididae) tended to assimilate more nitrogen and 

oxidize excess carbohydrate when fed a diet with high protein:digestible carbohydrate 

ratio (Zanotto et al., 1993). In our experiment, conversion ratios of protein were higher 

than those of dry matter for all diets (except semidigested grass, as its dry matter 

conversion ratio was not determined), suggesting that dietary protein is well assimilated 

by BSFL, which is consistent with Oonincx et al. (2015). 

The mineral content in BSFL is generally higher than in other insects investigated for 

their potential as food and/or feed ingredients, such as housefly larvae, mealworm larvae, 

grasshoppers, crickets, and silkworm (Makkar et al., 2014). In this study, the mineral 

content of the prepupae ranged from 3.97 to 29.56% (Table 2.5). The prepupae reared on 

pig manure and semidigested grass had notably high mineral content, which might be a 

result of the high mineral content in these substrates (Liland et al., 2017). Another 

possibility is that the BSFL reared on pig manure and semidigested grass had ingested 

extra diet for energy homeostasis as a compensation due to the paucity of digestible 

carbohydrate in these diets, which might have eventually led to an excessive mineral 

intake. 

The efficiencies of waste reduction and bioconversion are of primary concern for the 

development of a BSF-bioconversion system. In the present study, up to 38.7% of the dry 

matter was reduced during larval feeding, which is relatively lower than reported values 

found in the literature. For example, Diener et al. (2009) reported a maximum dry matter 

reduction ratio of 44.1%, while Myers et al. (2008) found that BSFL could reduce more 

than 50% of waste dry matter. We found that less than 16.2% of the reduced dry matter 

had been converted into insect biomass, while more than 24.4% was reported in Diener 

et al. (2009). A possible explanation for the lower efficiencies of waste reduction and 
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bioconversion recorded in our study is that the feeding rate used for each diet was not 

optimal. During our study, an oversupply of the standard diet or brewerôs waste was 

always observed, indicated by the presence of high amounts of unconsumed substrate, 

whereas the larvae fed pig manure and semidigested grass probably suffered food 

deficiency judging by the low larval weight gain when fed these diets. Therefore, further 

studies should address the optimal feeding rate for each of these diets, as per Diener et al. 

(2009) and Myers et al. (2008). Also, the ambient relative humidity in our study (40 Ñ 

10% R.H.) was lower than that used by Myers et al. (2008) (60% R.H.) and Diener et al. 

(2009) (67% R.H.), which might have led to lower waste reduction than in previous 

studies. The ambient temperature in our study was lower than those in Myers et al. (2008) 

and Diener et al. (2009), which could have had detrimental effects on larval growth 

(Harnden & Tomberlin, 2016). Higher temperatures have been found to increase feeding 

rates and metabolic rate of the larvae (Bjßrge et al., 2018; Lactin & Johnson, 1995), which 

would result in higher waste reduction. 

Conclusively, the results of this study suggest that BSFL could convert both brewerôs 

waste and pig manure into insect biomass, with brewerôs waste being a more suitable diet, 

while semidigested grass being considered an unsuitable diet. Larval development, 

prepupal chemical composition, and conversion of protein and mineral are shown to 

depend on the chemical composition of the diets. Based on our meta-analysis, lignin has 

a significantly negative effect on larval weight gain. Thus, we suggest using lignin-

digesting microorganisms to aid BSF-bioconversion systems in dealing with lignin-rich 

substrates. We also hypothesize that a protein:fat:digestible carbohydrate ratio of 2:1:2 

could benefit larval development. To achieve higher conversion efficiency and waste 

reduction rates by BSFL, further investigations of the effect of optimal feeding rates, 

mixed wastes, and temperature and humidity during larval feeding would be warranted. 
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2.7 Appendix 

Table S 2.1 Summary of the general linear model conducted as part of the meta-analysis 

carried out in this study to test the impact of neutral detergent fiber (NDF) on black soldier 

fly (Hermetia illucens L.) larval growth rate. Data from this study and Rehman et al. 

(2017a, b) was used to build the general linear model, with experiment being a fixed 

factor and NDF content as a covariate. 

Source df Sequential SS F P 

NDF content 1 1.61 8.02 0.018 

Experimental setup 2 4.19 10.45 0.004 

NDF content Ĭ experimental setup 2 2.74 6.84 0.013 

Error 10 2.00   

Total 15 10.54   

R2 = 81.00%, adjusted R2 = 71.49%, predicted R2 = 25.56%. 

 

Table S 2.2 Meta-analysis testing the impact of diet neutral detergent fiber (NDF) content 

and experimental setup on black soldier fly (Hermetia illucens L.) larval growth rate. Data 

from this study and Rehman et al. (2017a, b) was used to build the general linear model, 

with experimental setup as a fixed factor and NDF content as a covariate. 

Term Coefficient SE T P 

Intercept 3.80 0.72 5.27 < 0.001 

NDF content ī0.04 0.01 -3.32 0.008 

Experimental setup     

   This study 3.50 0.95 3.70 0.004 

   Rehman et al. 2017a ī0.93 1.17 ī0.79 0.45 

NDF content Ĭ 

experimental setup 
    

   This study ī0.05 0.02 ī2.89 0.02 

   Rehman et al. 2017a 0.005 0.02 0.25 0.81 
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Table S 2.3 Summary of the general linear model conducted as part of the meta-analysis 

carried out in this study to test the impact of acid detergent fiber (ADF) on black soldier 

fly (Hermetia illucens L.) larval growth rate. Data from this study and Rehman et al. 

(2017a, b) was used to build the general linear model, with experiment being a fixed 

factor and ADF content as a covariate. 

Source df Sequential SS F P 

ADF content 1 4.12 67.65 < 0.001 

Experimental setup 2 2.16 17.74 0.001 

ADF content Ĭ experimental setup 2 3.65 29.92 < 0.001 

Error 10 0.61   

Total 15 10.54   

R2 = 94.22%, adjusted R2 = 91.33%, predicted R2 = 84.86%. 

 

Table S 2.4 Meta-analysis testing the impact of diet acid detergent fiber (ADF) content 

and experimental setup on black soldier fly (Hermetia illucens L.) larval growth rate. Data 

from this study and Rehman et al. (2017a, b) was used to build the general linear model, 

with experimental setup as a fixed factor and ADF content as a covariate. 

Term Coefficient SE T P 

Intercept 2.66 0.22 11.79 < 0.001 

ADF content ī0.04 0.01 ī7.12 < 0.001 

Experimental setup     

   This study 2.25 0.29 7.84 < 0.001 

   Rehman et al. 2017a ī0.80 0.34 ī2.31 0.04 

ADF content Ĭ 

experimental setup 
    

   This study ī0.06 0.01 ī7.03 < 0.001 

   Rehman et al. 2017a 0.02 0.01 1.61 0.14 
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Table S 2.5 Summary of the general linear model conducted as part of the meta-analysis 

carried out in this study to test the impact of hemicellulose (calculated as neutral detergent 

fiber - acid detergent fiber) on black soldier fly (Hermetia illucens L.) larval growth rate. 

Data from this study and Rehman et al. (2017a, b) was used to build the general linear 

model, with experiment being a fixed factor and hemicellulose content as a covariate. 

Source df Sequential SS F P 

Hemicellulose content 1 2.80 4.09 0.07 

Experimental setup 2 0.78 0.57 0.58 

Hemicellulose content Ĭ 

experimental setup 
2 0.12 0.09 0.91 

Error 10 6.84   

Total 15 10.54   

R2 = 35.11%, adjusted R2 = 2.67%, predicted R2 < 0.01%. 

 

Table S 2.6 Meta-analysis testing the impact of diet hemicellulose (calculated as neutral 

detergent fiber - acid detergent fiber) content and experimental setup on black soldier fly 

(Hermetia illucens L.) larval growth rate. Data from this study and Rehman et al. (2017a, 

b) was used to build the general linear model, with experimental setup as a fixed factor 

and hemicellulose content as a covariate. 

Term Coefficient SE T P 

Intercept 0.78 4.63 0.17 0.87 

Hemicellulose content 0.01 0.28 0.04 0.97 

Experimental setup     

   This study ī0.67 4.91 ī0.14 0.89 

   Rehman et al. 2017a ī2.35 5.11 ī0.46 0.66 

Hemicellulose content Ĭ 

experimental setup 
    

   This study 0.05 0.28 0.18 0.86 

   Rehman et al. 2017a 0.12 0.30 0.40 0.70 
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Table S 2.7 Summary of the general linear model conducted as part of the meta-analysis 

carried out in this study to test the impact of cellulose (calculated as acid detergent fiber 

- lignin) on black soldier fly (Hermetia illucens L.) larval growth rate. Data from this 

study and Rehman et al. (2017a, b) was used to build the general linear model, with 

experiment being a fixed factor and cellulose content as a covariate. 

Source df Sequential SS F P 

Cellulose content 1 1.89 19.32 0.001 

Experimental setup 2 2.67 13.48 0.001 

Cellulose content Ĭ 

experimental setup 
2 5.03 25.71 < 0.001 

Error 10 0.98   

Total 15 10.54   

R2 = 90.72%, adjusted R2 = 86.07%, predicted R2 < 0.01%. 

 

Table S 2.8 Meta-analysis testing the impact of diet cellulose (calculated as acid detergent 

fiber - lignin) content and experimental setup on black soldier fly (Hermetia illucens L.) 

larval growth rate. Data from this study and Rehman et al. (2017a, b) was used to build 

the general linear model, with experimental setup as a fixed factor and cellulose content 

as a covariate. 

Term Coefficient SE T P 

Intercept 2.77 0.28 9.97 < 0.001 

Cellulose content ī0.07 0.01 ī6.44 < 0.001 

Experimental setup     

   This study 2.70 0.39 7.00 < 0.001 

   Rehman et al. 2017a ī0.99 0.41 ī2.42 0.04 

Cellulose content Ĭ 

experimental setup 
    

   This study ī0.11 0.02 ī6.37 < 0.001 

   Rehman et al. 2017a 0.04 0.02 2.07 0.07 
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Chapter 3 Substrate and moisture content 
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Abstract 

Pupation is a critical biological process in the life cycle of the black soldier fly (BSF) 

Hermetia illucens (L.) (Diptera: Stratiomyidae), a beneficial insect species of great 

environmental and economic potential. In this study, we tested the effects of two pupation 

substrates (vermiculite and wood chips) and nine moisture content levels on BSF pupation 

rate and depth. Substrate type and moisture content both affected BSF pupation rate and 

depth. In all substrate treatments almost all the pupae were found in the top 4 cm depth. 

At very low moisture content, neither of the pupation substrates tested reduced BSF 

prepupal mortality, but the presence of vermiculite advanced BSF pupation. Within the 

range used in this study, increasing moisture content not only reduced BSF prepupal 

mortality but also brought forward the onset of pupation. We hypothesize that the 

difference between substrates in their effects on BSF pupation rate lies on the differences 

in their density and texture, and that moisture content affects BSF pupation rate through 

changing substrate penetrability and water availability. The tendency of BSF to pupate 

deeper depended on both substrate type and moisture content, and the effect of moisture 

content on the pupation depth followed a parabolic trend ð BSF tended to pupate 

shallower when substrate was either too dry or too wet. Our results provide clues for 

selecting suitable substrate type, moisture content, and substrate depth to facilitate 

pupation of BSF. 
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3.1 Introduction 

The black soldier fly (BSF) Hermetia illucens (L.) (Diptera: Stratiomyidae) is of great 

environmental and economic potential in dealing with a broad range of organic wastes 

and by-products (e.g., Bohm et al., 2022; Cai et al., 2019; Cammack et al., 2021; Gao et 

al., 2019; Mahmood et al., 2021), developing sustainable feed products for different 

animals (e.g., Dºrper et al., 2021; Hu et al., 2020; Kar et al., 2021; Richardson et al., 

2021), and producing organic fertilizer (Beesigamukama et al., 2020; Beesigamukama et 

al., 2021; Cai et al., 2019). Driven by increasing demand for BSF-relevant services (e.g., 

Cammack et al., 2021; Li et al., 2019), interest in BSF-relevant products (e.g., Antarest 

et al., 2020; Ffoulkes et al., 2021), and government support (Meticulous Research, 2021), 

an increasing number of BSF farms have been set up throughout the world, creating a 

need to optimize the mass-rearing environment for all BSF life stages. 

Pupation is a critical transitioning process in BSF life cycle, which links the larval feeding 

stage to the adult reproductive stage. In nature, BSF prepupae bury themselves into a 

pupation substrate (e.g., soil and spent larval diet) prior to pupation (Barros et al., 2019; 

Sheppard et al., 1994). Laboratory experiments have demonstrated that suitable substrates 

(e.g., wood shavings or potting soil) can shorten prepupal and pupal stages of BSF and 

increase its pupation rate and adult emergence success (Dzepe et al., 2020; Holmes et al., 

2013), suggesting a potential application of optimizing pupation substrates in BSF mass-

rearing. 

Moisture content is an important physical property to be considered in the use of pupation 

substrates for insects. Several studies have shown that moist pupation substrates generally 

perform better than their dry counterparts, but, on the other hand, extremely wet substrates 

(e.g., 90% moisture content) may hamper insect pupation (Chen & Shelton, 2014; 
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Hulthen & Clarke, 2006; Kºkdener & ķahin Yurtgan, 2022; Rickelmann & Bach, 1991; 

Wang et al., 2017). Pupation substrate moisture may also affect insect pupation depth 

(Dimou et al., 2003; Jackson et al., 1998; Wang et al., 2017), which further determines 

the amount of pupation substrate needed for a given area in an insect mass-rearing facility. 

Moreover, the effects of substrate moisture on insect pupation may depend on substrate 

type (Dimou et al., 2003; Hulthen & Clarke, 2006; Kºkdener & ķahin Yurtgan, 2022; 

Wang et al., 2017). Holmes et al. (2013) indicated that BSF pupation may be affected by 

substrate moisture and its possible interaction with substrate type, but, to the best of our 

knowledge, relevant research has not been conducted. 

The present study aimed to investigate the effects of substrate type and moisture content 

on BSF pupation rate and depth, and to discuss the underlying mechanisms. We tested 

two substrates: (1) vermiculite, which is widely used as a pupation substrate for mass 

rearing of several brachycerans, including BSF (e.g., Bernard et al., 2020; Generalovic et 

al., 2021; Incho, 1954; Liu et al., 2018; Reynolds et al., 2010; Vargas et al., 1987), and 

(2) wood chips, which are similar to a substrate suggested for BSF pupation in a previous 

study (Holmes et al., 2013). 

 

3.2 Materials and methods 

оΦнΦм tǳǇŀǘƛƻƴ ǎǳōǎǘǊŀǘŜ 

Vermiculite (Egmont Vermiculite Seed Cover, Egmont Commercial Ltd., Christchurch, 

New Zealand) and wood chips (manuka wood; Big Smoke, Riverlea Group Ltd., 

Hamilton, New Zealand) were purchased from local stores. 
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In a preliminary trial, particles of vermiculite were broken and flattened after a soaking-

and-drying cycle (Figure S3.1) and the new particle shape did not change in subsequent 

soaking-and-drying cycles. Such changes in vermiculite particle shapes result in an 

increase in its density from 0.12 to 0.43 g/cm3. Although obvious shape changes do not 

happen to wood chips after soaking-and-drying cycles, some volatile compounds in wood 

chips may evaporate at a certain temperature when moisture content is determined using 

an oven-drying method (Forest Products Laboratory, 2021), causing an overestimation of 

moisture content. Therefore, as a pre-treatment of the pupation substrates used in the 

present experiment, soaked vermiculite and newly bought wood chips were dried in an 

oven (Contherm Thermotec 2000; Contherm Scientific Ltd., Lower Hutt, New Zealand) 

at 105ÁC until constant weight (Forest Products Laboratory, 2021; O'Kelly, 2005; 

Pediġius et al., 2021). After the pre-treatment, the substrates were allowed to naturally 

restore moisture content in a lab environment (20 Ñ 1 oC, 50 Ñ 5 % relative humidity 

[R.H.]) for 2 d. Then, both substrates were homogenized by shaking in respective 20-L 

buckets for 2 min and stored in the buckets sealed with airtight lids. Some physical 

characteristics of the two pupation substrates after moisture restoration are shown in 

Table 3.1. 
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Table 3.1 Selected physical characteristics of the pupation substrates tested in the present 

study. Vermiculite was soaked with water and then oven-dried, while wood chips were 

oven-dried without soaking. Both substrates were allowed to naturally restore moisture 

content at 20 Ñ 1ÁC and 50 Ñ 5% relative humidity for 2 d. 

Physical characteristics Vermiculite Wood chips 

Density (g/cm3) 0.43 0.31 

Moisture content (%) a 4.34 5.94 

Particle size 

distribution 

(gravimetric; %) 

> 2 mm 0.5 13.6 

1ς2 mm 37.4 53.3 

0.5ς1 mm 52.4 32.0 

< 0.5 mm 9.7 1.1 
a Moisture content is calculated as (weight loss during drying/oven-dry weight) Ĭ 100% 

(Cammack et al., 2010). 

 

оΦнΦн {ƻǳǊŎŜ ƻŦ ƛƴǎŜŎǘǎ 

BSF pupae were obtained from a mass-reared lab colony, which had been maintained in 

captivity for about 2 yr prior to the present experiment. Adult cages (BugDorm, 4M4545, 

MegaView Science Co. Ltd., Taiwan) were kept indoors (28 Ñ 1oC, 50 Ñ 5% R.H.) and 

illuminated using artificial light sources (BSF-4C-200-3030, HK SPR AgTech Trading 

Ltd., Hong Kong, China) with a 8 : 16 (L : D) h light regime (Liu et al., 2020). Eggs were 

collected daily from adult cages and incubated at 28 Ñ 0.5oC and 80 Ñ 2% R.H. for 2 d 

(Holmes et al., 2012). To start a batch of larvae, approximately 125 mg of fertile egg 

clutches, recognized by the presence of eye spots, were transferred to a larval rearing 

container and were provided with 2.1 kg of broll diet mix (broll : water = 1 : 2, gravimetric 

ratio) (Liu et al., 2018). Larvae were reared at 28 Ñ 1oC, 70 Ñ 5% R.H.; the high relative 

humidity level reduced water loss from newly added diet. Seven days later, each batch of 
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larvae was fed 600 g of broll diet three times a week until about 50% individuals had 

grown into prepupae. In this way unnecessary overfeeding was avoided (Barrag§n-

Fonseca et al., 2018; Diener et al., 2015). The container was then left in the rearing 

environment to allow growth of the remaining larvae. When about 80% of the individuals 

in a batch had grown into prepupae, all the prepupae were collected, washed with cold 

running tap water, and then dried with paper towels. Each batch of prepupae was allocated 

to one replicate of the experiment described below. 

 

оΦнΦо 9ȄǇŜǊƛƳŜƴǘŀƭ ŘŜǎƛƎƴ 

Pupation substrates and insects were placed in paper cups (top diameter 9 cm, bottom 

diameter 6 cm, height 10.8 cm; BC-12-ART 390ml, BioPak Pty. Ltd., Bondi Junction, 

Australia). Each cup was filled with a substrate (vermiculite or wood chips) to a depth of 

8 cm; this depth has been shown to be sufficient to study pupation depth of brachyceran 

species in different substrates and at different moisture levels, such as Anastrepha 

suspensa Loew (Diptera: Tephritidae), Bactrocera spp. (Diptera: Tephritidae), Ceratitis 

capitata Wiedemann (Diptera: Tephritidae), Lucilia sericata Meigen (Diptera: 

Calliphoridae), and Drosophila suzukii Matsunura (Diptera: Drosophilidae) (Ballman et 

al., 2017; Cammack et al., 2010; Hennessey, 1994; Hou et al., 2006; Jackson et al., 1998). 

The substrate in cups was not compacted, but the bottom of each cup was gently tapped 

during filling to minimize pore space. The weight of vermiculite and wood chips per cup 

was standardized to be 131 g and 95 g, respectively. Water was added at the bottom of 

the cups using plastic straws connected to syringes to achieve nine moisture levels (Table 

3.2). The highest moisture content was set at 150% because vermiculite used here was 

almost saturated at this level. The lower moisture levels were selected by equally dividing 
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the range between 0% and 150% into eight intervals. Because vermiculite shrinks while 

wood chips expand after absorbing water, the actual depth of substrate in a cup varied 

depending on both substrate type and the amount of water added, and was in a range of 8 

Ñ 1 cm. To evaluate the improvement in BSF pupation rate by using a pupation substrate 

and to understand the underlying mechanism of the improvement, one cup without any 

substrate or water was added as a óno substrateô treatment. Therefore, a total of eighteen 

treatments with substrates and a treatment without substrate were set up for the 

experiment. The experiment was replicated six times. 

 

Table 3.2 Different moisture levels and the corresponding amount of water added to each 

type of the pupation substrate tested in the present study. 

Moisture level Moisture content (%) a 
Water added (ml) 

Vermiculite Wood chips 

1 Dry b 0 0 

2 18.8 18.1 11.5 

3 37.5 41.7 28.3 

4 56.3 65.2 45.2 

5 75.0 88.8 62.0 

6 93.8 112.3 78.8 

7 112.5 135.9 95.6 

8 131.3 159.4 112.4 

9 150.0 183.0 129.3 

Substrate placed in a cup (g) 131.0 95.0 
a Moisture content is calculated as (weight loss during drying/oven-dry weight) Ĭ 100% 

(Cammack et al., 2010). 
b Substrate oven-dried then allowed to rehydrate for 2 d in a lab environment at 50 Ñ 5% 

R.H.; this moisture content was 4.34% for vermiculite and 5.94% for wood chips. 
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Fifty prepupae were weighed in groups, and in total nineteen groups of prepupae were 

prepared for the nineteen treatments. The prepupae were then transferred to the cups. A 

perforated lid was used to cover each cup to prevent larvae from escaping and to allow 

air exchange. The cups were kept at 28 Ñ 1oC and 50 Ñ 5% R.H. in complete darkness. 

All the treatments were terminated after 10 d, which maximized pupation rate in a suitable 

environment, while minimizing the number of adults emerged (Holmes et al., 2013). An 

additional group of fifty prepupae (referred to as órepresentative prepupaeô) was sampled 

from the same batch, weighed, and stored in a sample bag at ҍ20ÁC for future reference.  

Upon termination of the experiment, a thin bamboo skewer was inserted into each cup to 

help measure the actual content depth, and to divide the content into four different depth 

ranges (0ï2 cm, 2ï4 cm, 4ï6 cm, and > 6 cm). The substrate containing insects within 

each of the four depth ranges was quickly lifted and transferred to separate sample bags. 

Then, the number of prepupae and pupae in each sample bag were counted. This 

technique allowed collecting the prepupae or pupae presenting at different depth ranges, 

while avoiding vertical migration of live prepupae. Although the duration of the 

experiment was set to minimize the chance of adult emergence, there were still up to three 

adult flies emerged from a treatment. Both pupae and adults were considered as pupated 

individuals for the calculation of pupation rate. The numbers of dead prepupae were also 

counted. 

Because vermiculite adhered to the cuticle of pupae and could not be completely removed 

even by rinsing with water (Figure S3.2), BSF fresh and dry weight changes after 

pupation could not be accurately determined for vermiculite treatments, and thus weights 

were only investigated for the wood chips and no substrate treatments. Pupae collected 

from each cup were washed with running tap water, dried with paper towels, and then 
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weighed as a group. The treatment pupae and the representative prepupae were dried at 

105ÁC until constant weight. The dry matter content of the representative prepupae was 

calculated as (dry weight/fresh weight) Ĭ 100%, and was used to represent that of the 

prepupae used in the experiment. Dry weight of the prepupae used in the experiment was 

calculated as prepupal fresh weight Ĭ dry matter content. BSF fresh weight loss after 

pupation was calculated as the difference between the average fresh weight of prepupae 

before the experiment and that of pupae after the experiment. BSF dry weight loss was 

calculated in the same way. 

 

оΦнΦп ǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎƛǎ 

Statistical analyses were conducted using SPSS Statistics v. 23 (SPSS Inc., Chicago, IL, 

U.S.) and OriginPro 2016 (OriginLab Corp., Northampton, MA, U.S.), with the 

significance level for all tests set at Ŭ = 0.05. 

Prepupal mortality rates across all treatments were analyzed with a generalized linear 

model (GLiM) with a binomial distribution (logit link) using the GENLIN procedure 

(event/trial mode). If treatment effect was significant, a Fisherôs least significant 

difference (LSD) test was performed, where only the differences between no substrate 

and substrate treatments were of interest. Another generalized linear model with a 

binomial distribution (logit link) was conducted to analyze the effects of substrate type, 

moisture content, and their possible interaction on prepupal mortality rate. The same 

methods were used to analyze pupation rate of survived prepupae (referred to as ópupation 

rateô hereafter). 
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Because mortality and pupation rates may change in parabolic fashion in response to 

increasing moisture content (Chen & Shelton, 2014; Hulthen & Clarke, 2006; Kºkdener 

& ķahin Yurtgan, 2022; Rickelmann & Bach, 1991; Wang et al., 2017), a quadratic term 

of moisture content was initially included in relevant models to address possible curvature 

(Osborne, 2015). Where the inclusion of a quadratic term did not significantly improve 

the model based on a likelihood ratio test, it was removed to avoid overfitting (Lewis et 

al., 2011). Non-significant interaction terms were removed to obtain the final models 

(Engqvist, 2005), where predicted values of mortality and pupation rates were obtained 

to plot regression curves. 

Differences in BSF fresh and dry weight loss between the no substrate treatment and each 

wood chips treatment were analyzed using a one-way analysis of variance (ANOVA) 

followed by two-sided Dunnettôs tests. Linear regressions were conducted to analyze the 

effect of substrate moisture content on BSF fresh and dry weight loss. 

The tendency of BSF to pupate deeper in substrate (at depths over 2 cm) in response to 

moisture level was investigated for each substrate. Preliminary data analyses revealed that 

this tendency followed substrate-specific parabolic patterns, therefore, nonlinear models 

based on quadratic functions, reciprocal density-yield functions, and probability density 

functions were fitted to the data for each substrate. The models were conducted using 

OriginPro 2016. Final models were selected based on fit. 
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3.3 Results 

оΦоΦм tǊŜǇǳǇŀƭ ƳƻǊǘŀƭƛǘȅ ǊŀǘŜ 

Prepupal mortality rate in no substrate treatment did not differ significantly from those in 

substrate treatments when moisture content was low (Figure 3.1). Prepupal mortality rate 

in vermiculite was lower than that in wood chips, and decreased as moisture content 

declined; the interaction between substrate type and moisture content was not significant 

(Figure 3.1, Table 3.3). 

 

 

Figure 3.1 Mortality rate of black soldier fly Hermetia illucens prepupae with and 

without pupation substrates and at different substrate moisture content. Moisture content 

is calculated as (weight loss during drying/oven-dry weight) Ĭ 100%. Error bars indicate 

standard errors of means (n = 6). The means and standard errors were back transformed 

from the log scale outputs. Non-significant differences between no substrate and substrate 

treatments are indicated as ón.s.ô. Solid and dashed lines are the binomial logit regression 

curves for vermiculite and wood chips, respectively ð vermiculite: Logit(y) = ī3.0563 

ī 0.0140x; wood chips: Logit(y) = ī2.5994 ī 0.0140x. 
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Table 3.3 Type I Wald ɢ2 tests for the effects of substrate type, moisture content, and 

their interaction on prepupal mortality rate of the black soldier fly Hermetia illucens. 

Source Wald ɢ2 df P 

Intercept 1604.1 1 < 0.001 

Substrate type 8.0 1 = 0.005 

Moisture content 42.3 1 < 0.001 

Substrate type Ĭ moisture content 1.0 1 = 0.3 

 

 

оΦоΦн tǳǇŀǘƛƻƴ ǊŀǘŜ 

BSF pupation rate was affected by the presence of pupation substrate, substrate type and 

moisture content, but not by the interaction between substrate type and moisture content 

(Figure 3.2, Table 3.4). Compared to the no substrate treatment, vermiculite improved 

pupation rate of survived prepupae, but wood chips did not achieve the same at low 

moisture content (Ò 18.8%). Moisture content had a significant positive effect on BSF 

pupation rate. At the same moisture content, BSF pupation rate in vermiculite was higher 

than that in wood chips.  
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Figure 3.2 Pupation rate of black soldier fly Hermetia illucens prepupae with and without 

pupation substrates and at different substrate moisture content. Moisture content is 

calculated as (weight loss during drying/oven-dry weight) Ĭ 100%. Error bars indicate 

standard errors of means (n = 6). The means and standard errors were back transformed 

from the log scale outputs. Non-significant differences between substrate and no substrate 

treatments are indicated as ón.s.ô. Solid and dashed lines are the binomial logit regression 

curves for vermiculite and wood chips, respectively ð vermiculite: Logit(y) = 1.5427 + 

0.0028x; wood chips: Logit(y) = 1.3342 + 0.0028x. 

 

Table 3.4 Type I Wald ɢ2 tests for the effects of substrate type, moisture content, and 

their interaction on pupation rate of black soldier fly Hermetia illucens prepupae. 

Source Wald ɢ2 df P 

Intercept 1901.2 1 < 0.001 

Substrate type 7.1 1 = 0.008 

Moisture content 12.3 1 < 0.001 

Substrate type Ĭ moisture content 1.5 1 = 0.23 
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оΦоΦо CǊŜǎƘ ŀƴŘ ŘǊȅ ǿŜƛƎƘǘ ƭƻǎǎ 

Pupation caused a reduction of both BSF fresh and dry weight (Figure 3.3). No significant 

difference was found for dry weight loss across treatments (ANOVA; F9, 50 = 0.95; P = 

0.49). In comparison with the insects that pupated without substrate, those in wood chips 

with a moisture content between 5.9 and 37.5% lost more fresh weight, whereas at higher 

moisture content they lost less fresh weight. BSF fresh weight loss decreased with 

increasing moisture content, while dry weight loss was not affected by moisture content 

(Table 3.5). 

 

Table 3.5 Effect of wood chips substrate moisture content on black soldier fly Hermetia 

illucens fresh and dry weight loss after pupation. 

Response Term Coefficient Standard error t P 

Fresh weight 

loss 

Intercept 31.8 1.0 30.3 < 0.001 

Moisture content ҍ2.5 0.2 ҍ13.6 < 0.001 

      

Dry weight 

loss 

Intercept 4.5 0.4 12.0 < 0.001 

Moisture content 0.03 0.07 0.5 0.61 
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Figure 3.3 Fresh and dry weight loss of black soldier fly Hermetia illucens after pupation 

in no substrate and in wood chips at different moisture content. Moisture content is 

calculated as (weight loss during drying/oven-dry weight) Ĭ 100%. Error bars indicate 

standard errors of means (n = 6). The value next to a fresh weight data point shows the 

difference between the mean of a wood chips treatment and the no substrate treatment; 

an asterisk indicates significant difference (two-sided Dunnettôs test; P < 0.05). 

 

оΦоΦп tǳǇŀǘƛƻƴ ŘŜǇǘƘ 

More than 85% of pupae were found in the top 2 cm of substrate for both pupation 

substrates tested (Tables S3.1 and S3.2). The proportion of BSF pupated deeper than 2 

cm depended on both substrate type and moisture content (Figure 3.4). Among the 

nonlinear model functions tested, the lognormal distribution density function fitted 

vermiculite data the best, while the Holliday model (Holliday, 1960) was the best for 

wood chips (Table S3.3). The proportion of BSF that pupated deeper than 2 cm first 

increased then declined with increasing moisture content within the range used here; the 

predicted maximum was at about 20 and 70% moisture content for vermiculite and wood 

chips, respectively (Figure 3.4).  
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Figure 3.4 Proportion of black soldier fly Hermetia illucens pupae presented deeper than 

2 cm in different pupation substrates and at different moisture levels. Moisture content is 

calculated as (weight loss during drying/oven-dry weight) Ĭ 100%. Error bars indicate 

standard errors of means (n = 6). Solid and dashed lines are nonlinear regression curves 

for vermiculite and wood chips, respectively. 

 

3.4 Discussion 

It is a common practice to use pupation substrates for mass rearing of insects that are of 

economic and/or environmental importance, such as those used in the sterile insect 

technique (Pascacio-Villaf§n et al., 2021; Steinitz et al., 2016), in silk production 

(pupation substrate is called mountage in this case; Sangappa et al., 2010), in waste 

management (Holmes et al., 2013; Parry et al., 2017), and as biocontrol agents (Halbritter 

& Wheeler, 2019; Muratori et al., 2009). Indeed, using a suitable substrate material and 

optimizing physiochemical parameters therein (i.e., moisture content, compaction, and 

possibly temperature) could shorten metamorphosis duration, reduce mortality, improve 

adult fitness, and reduce production costs (Aceituno-Medina et al., 2017; Dzepe et al., 

2020; Holmes et al., 2013; Parry et al., 2017; Weston & Desurmont, 2008). Here, we 
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show that vermiculite or wood chips with adjusted moisture content could potentially be 

used as a pupation substrate for BSF mass rearing. Currently, some BSF farmers do not 

use any pupation substrate (unpublished data). In an industrial scenario, the added costs 

of using a pupation substrate need to be balanced with the improvement in BSF pupation 

rate (and perhaps emergence rate as well). Now that we have the comparison between 

substrate and no substrate treatments, readers could use our results in their business 

models. 

Dry vermiculite performed better than no substrate in terms of supporting pupation of 

BSF prepupae, but the same was not true for wood chips. Because pupation rates 

presented here are that of the survived prepupae, the results suggested that vermiculite, 

but not wood chips, brought forward the onset of BSF pupation. The underlying 

mechanisms may be that vermiculite reduced surrounding disturbance and provided 

thigmotactic stimuli to the insects. The wood chip substrate, due to its more rigid texture 

and lower density than vermiculite, may not have reduced disturbance or provided 

thigmotactic stimuli as much as vermiculite. 

The effects of surrounding disturbance on insect pupation have been reported for different 

insects. For instance, pupation of Zophobas rugipes (Kirsch) (Coleoptera: Tenebrionidae) 

and Tenebrio molitor (L.) (Coleoptera: Tenebrionidae) was delayed by direct contact with 

moving conspecifics or with moving metal chains, and Z. rugipes pupation was also 

retarded by the vibration of Petri dishes (Tschinkel & Willson, 1971). Kotaki & Fujii 

(1995) suggested that both mechanical and chemical stimuli from conspecifics were 

involved in delaying pupation of Tribolium freemani (Hinton) (Coleoptera: 

Tenebrionidae). To remove most of surrounding disturbance, Finlayson (1967) and 

ĢŅ§rek & Denlinger (1991) suspended larvae of tsetse flies Glossina morsitans morsitans 
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(West) (Diptera: Glossinidae) in the mid-air and found that pupation in such circumstance 

was the quickest among all treatments in their studies. In BSF, isolated prepupae took on 

average 9.5 d to pupate at 25oC (70% R.H., 14L:10D) (Holmes et al., 2012), whereas 

prepupae accommodated together at 28oC took on average 10.3 d to pupate under similar 

conditions (Holmes et al., 2013). Since the higher temperature in the latter study is 

expected not to prolong but rather to shorten the BSF prepupal stage (Chia et al., 2018), 

these results indicate the effect of conspecific disturbance on delaying BSF pupation. 

Positive thigmotaxis, which refers to the tendency to remain close or move towards 

thigmotactic stimuli (i.e., physical pressure), is a conservative risk-avoiding strategy 

among animals (Hill & Lodge, 1994; Klosinski et al., 2022; Mashoodh et al., 2009; Starry 

et al., 1998). Last instar insect larvae and mobile pupae tend to choose crevices, corners, 

or penetrable substrates as suitable pupation sites to reduce the risks from predators or 

parasitoids (Hodgson et al., 1998; Lindstedt et al., 2019; Okuyama, 2019). ĢŅ§rek & 

Denlinger (1991) found that providing thigmotactic stimuli to G. morsitans larvae by 

wrapping them with Parafilm or wedging them into pipette tips accelerated their pupation. 

To our best knowledge, there is no evidence thus far showing that thigmotactic stimuli 

benefit BSF pupation, but the aggregation behavior of BSF prepupae may suggest 

positive thigmotaxis (Holmes et al., 2013). 

Increasing moisture content improved BSF pupation rate through advancing the onset of 

pupation and reducing prepupal mortality. Our results agree with those in a previous study, 

where desiccation delayed BSF pupation and increased prepupal mortality (Holmes et al., 

2012). As moisture content increases, pupation substrates may become more penetrable 

(Cairns et al., 2011; Vaz et al., 2011), and thus may lead to earlier BSF pupation. This 

assumption is supported by our results regarding pupation depth when moisture content 
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ranged from dry to a certain level (e.g., 20% and 70% for vermiculite and wood chips, 

respectively). Moreover, our results regarding fresh weight changes after pupation 

indicate that BSF pupated in a substrate with higher moisture content are likely to retain 

more water. Because water serves as both a medium and a participant of biological 

processes (Frenkel-Pinter et al., 2021), BSF prepupae in higher moisture content 

treatments may have pupated more quickly and were less prone to death caused by 

physiological malfunction. Desiccated prepupae were found in low moisture content 

treatments, but we could not determine whether desiccation was the direct cause of their 

death or happened after death. 

Notably, when the moisture content of wood chips was lower than 56.3%, BSF water loss 

in wood chip treatments was larger than that without any substrate. Most of the water 

added to wood chips stayed at the bottom of the cups. Thus, we speculate that, when little 

or no water was added, the wood chips in the top 2 cm, where most pupae presented, were 

so dry that they absorbed water from the air in the pore space and headspace, creating a 

drying microenvironment. 

Moisture content of a pupation substrate affects the availability of not only water but also 

oxygen. Pupation substrates at extremely high moisture content would have pore space 

taken by water, creating hypoxic environments for insects (Kºkdener & ķahin Yurtgan, 

2022; Shi et al., 2021). In the present study, adverse effects of high moisture content on 

BSF pupation rate or mortality rate were not observed. However, as moisture content 

went from a certain level (e.g., 20% and 70% for vermiculite and wood chips, respectively) 

to higher levels, more BSF tended to pupate shallower, which may indicate avoiding 

oxygen deficiency. 
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Pupation substrates that are too shallow (e.g., less than 1 cm) may not be enough to 

provide thigmotactic stimuli or to retain water during BSF pupation, whereas those deeper 

than necessary would lead to a waste of material. In the present study, almost all the pupae 

were found at the top 4 cm of both pupation substrates (Tables S3.1 and S3.2), suggesting 

that a 4-cm of substrate would be sufficient for BSF pupation. 

Pupation rate is but one factor to consider when choosing a suitable pupation substrate 

for BSF farming, with other factors including but not limiting to accessibility, reusability, 

and price. Both substrates used here are easily accessible from local stores, and can be 

reused after being separated from BSF pupae through sieving. In New Zealand, the price 

of vermiculite and wood chips used here are currently 9 and 7.5 dollars per kilogram, 

respectively. The price of wood chips could be lower if it is derived from other types of 

wood or wood by-products. Moreover, vermiculite that stuck on BSF puparia may lead 

to extra cleaning steps before the puparia are used for chitin extraction (Hahn et al., 2022). 

Therefore, wood chips or other lignocellulosic materials may be better options than 

vermiculite in industrial scenarios. We encourage further exploration for alternative 

materials with low cost, soft texture, and high density to facilitate BSF pupation. 

As one of the first attempts to optimize BSF pupation environment, the present study 

provides clues for selecting suitable substrates and moisture content for BSF pupation. 

We hypothesize that pupation substrates assist BSF pupation by reducing surrounding 

disturbance and providing thigmotactic stimuli, and thus softer and denser substrates may 

be more favorable. Moreover, wetting pupation substrate is necessary to reduce prepupal 

mortality and to help BSF pupate early. Considering the trade-off between water and 

oxygen levels in the substrate, extremely wet conditions should be avoided. 
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3.7 Appendix 

 

Figure S 3.1 Differences in vermiculite particle shapes before (A) and after (B) a soaking-

and-drying cycle. 

 

 

Figure S 3.2 Samples of black soldier fly Hermetia illucens pupae collected from 

substrate and no substrate treatments. Moisture levels 2, 3, 4, 5, 6, 7, 8, and 9 were for 

18.8%, 37.5%, 56.3%, 75.0%, 93.8%, 112.5%, 131.3%, and 150%, respectively; moisture 

level 1 was 4.3% and 5.9% for vermiculite and wood chips, respectively. Moisture content 

is calculated as (weight loss during drying/oven-dry weight) Ĭ 100%. 
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Table S 3.1 Percentage of black soldier fly Hermetia illucens pupae presented at different depth ranges in vermiculite at different moisture content. 

Standard errors are shown in parentheses. 

Depth 

range (cm) 

Moisture content (%) 

4.3 18.8 37.5 56.3 75 93.8 112.5 131.3 150 

0ς2 99.14 

(0.54) 

91.15 

(0.02) 

96.71 

(0.01) 

99.15 

(0.01) 

97.25 

(0.01) 

100 

(0) 

98.84 

(0.01) 

99.60 

(0.004) 

99.63 

(0.004) 

          

2ς4 0.86 

(0.54) 

5.01 

(0.02) 

3.29 

(0.01) 

0.85 

(0.01) 

1.95 

(0.01) 

0 

(0) 

0.78 

(0.01) 

0.40 

(0.004) 

0.37 

(0.004) 

          

4ς6 0 

(0) 

2.89 

(0.01) 

0 

(0) 

0 

(0) 

0.40 

(0.004) 

0 

(0) 

0.39 

(0.004) 

0 

(0) 

0 

(0) 

          

> 6 0 

(0) 

0.95 

(0.01) 

0 

(0) 

0 

(0) 

0.40 

(0.004) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

Moisture content is calculated as (weight loss during drying/oven-dry weight) Ĭ 100%. 
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Table S 3.2 Percentage of black soldier fly Hermetia illucens pupae presented at different depth ranges in wood chips at different moisture content. 

Standard errors are shown in parentheses. 

Depth 

range (cm) 

Moisture content (%) 

5.9 18.8 37.5 56.3 75 93.8 112.5 131.3 150 

0ς2 98.19 

(0.01) 

100 

(0) 

95.84 

(0.01) 

93.38 

(0.01) 

89.08 

(0.02) 

97.47 

(0.01) 

99.20 

(0.01) 

98.49 

(0.01) 

99.22 

(0.01) 

          

2ς4 1.81 

(0.01) 

0 

(0) 

4.16 

(0.01) 

6.62 

(0.01) 

10.92 

(0.02) 

2.53 

(0.01) 

0.80 

(0.01) 

1.51 

(0.01) 

0.78 

(0.01) 

          

4ς6 0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

          

> 6 0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

0 

(0) 

Moisture content is calculated as (weight loss during drying/oven-dry weight) Ĭ 100%. 
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Table S 3.3 Nonlinear models fitted to describe the effect of moisture content on the proportion of black soldier fly Hermetia illucens pupated 

deeper than 2 cm in different substrates. 

Substrate Nonlinear function * Model parameters Parameter estimate Ñ SE Adjusted R2 

Vermiculite 
ώ  

ὃ

Ѝς“ύὼ
Ὡ  

A 287.97 Ñ 37.96 

0.556 xc 24.66 Ñ 2.85 

w 0.65 Ñ 0.07 

Wood chips ώ  ὥ ὦὼὧὼ  a 1.78 Ñ 0.51 

0.553 b -0.049 Ñ 0.016 

c 0.00036 Ñ 0.00012 

* In the functions, y stands for the proportion of black soldier fly pupated deeper than 2 cm, and x stands for moisture content. 
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Abstract 

Larvae of the black soldier fly (BSF) Hermetia illucens (L.) (Diptera: Stratiomyidae) are 

promising organisms to be used for organic waste bioconversion. Breeding BSF indoors 

has been suggested as a cost-effective approach for countries with long winters or low 

sunlight levels through the year. As the BSF mating is visually mediated, artificial 

illumination conditions are critical to a successful indoor breeding system. In this study, 

we tested four different types of artificial light sources for their effects on BSF mating 

success. They included: (1) a halogen lamp; (2) a combination of a white light-emitting 

diode (LED) lamp and a fluorescent ultraviolet lamp; (3) a metal halide lamp, and (4) a 

specially designed light-emitting diode (BSFLED) lamp, whose design was based on the 

specific BSF adult visual spectral sensitivity. We determined the spectra of four artificial 

light sources, compared their spectral composition in relation to the BSF-visible 

spectrum, and compared their effects on the mating success of two different BSF colonies. 

BSFLED was the most energy efficient light source in spectral composition and led to the 

highest mating success in terms of the percentage of inseminated females and fertile 

clutches. Thus, BSFLED is the most suitable light source tested in our experiment for 

breeding BSF indoors. The colony effect and possible light flickering effect on BSF 

mating success were also detected. The implications of these findings are discussed. 

 

 

YŜȅǿƻǊŘǎΥ light spectrum, indoor breeding, mating success, female reproductive organs, 

colony effect, organic waste bioconversion 
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4.1 Introduction 

The black soldier fly (BSF) Hermetia illucens (L.) (Diptera: Stratiomyidae) has been 

identified as a promising species in organic waste management. BSF larvae can convert 

a wide range of organic wastes into larval biomass, which can be further used as an animal 

feed ingredient (Bosch et al., 2014; Makkar et al., 2014; Meneguz et al., 2018; Nguyen 

et al., 2015; Oonincx et al., 2015; St-Hilaire et al., 2007). After being processed by BSF 

larvae, the organic waste residues can be used as organic fertilizers (Cai et al., 2019; Choi 

et al., 2009; Setti et al., 2019). Moreover, it is also feasible to use the lipids extracted 

from BSF larvae to produce biodiesel, thereby adding more value to the BSF-

bioconversion system (Li et al., 2011). 

Year-round production of fertile BSF eggs is a prerequisite for using this species as a 

bioconversion agent (Ļiļkov§ et al., 2015; Pastor et al., 2015). Therefore, achieving a 

consistent and high level BSF mating success is of primary concern. Previous studies 

suggested that BSF mating is visually mediated (Nakamura et al., 2016; Oonincx et al., 

2016; Sheppard et al., 2002; Tingle et al., 1975; Tomberlin & Sheppard, 2002; Zhang et 

al., 2010). Like other animals, BSF visual system has evolved to optimally function under 

natural illumination (Kelber & Osorio, 2010; Nakamura et al., 2016; Osorio & Vorobyev, 

2008; Zhang et al., 2010). Therefore, BSF adults are predominantly kept in glasshouses 

with sunlight, which is for many countries, available to breed this species year round 

(Sheppard et al., 2002). 

BSF mating decreases when sunlight is limited due to poor weather conditions (Tingle et 

al., 1975) or in temperate regions due to long winters or low sunlight levels throughout 

the year, which leads to inconsistent production of fertile eggs. In addition to light, BSF 

has also optimal temperature requirements (Chia et al., 2018a), which in many instances 
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are provided through heating. The high costs of insulation and heating make it financially 

unsustainable to breed BSF in a glasshouse year round, in some countries (Sheppard et 

al., 2002). An alternative solution is to develop a well-insulated indoor BSF breeding 

system, where temperature is effectively controlled and an artificial light source is 

provided to support the consistent production of fertile eggs (Sheppard et al., 2002). 

Several artificial light sources have been reported to support BSF mating indoors with 

some degree of success, including quartz iodine (i.e., halogen) lamps (Heussler et al., 

2018; Zhang et al., 2010), fluorescent lamps (Heussler et al., 2018; Oonincx et al., 2016), 

light-emitting diode (LED) lamps (Heussler et al., 2018), a combination of an LED lamp 

and two fluorescent lamps (Nakamura et al., 2016), and an innovative LED lighting 

system based on the BSF adults' visual spectrum (Oonincx et al., 2016). These artificial 

light sources have been compared to determine their effects on BSF oviposition, adult 

longevity, and the resulting number of young larvae (Heussler et al., 2018; Oonincx et 

al., 2016). However, the influence of artificial light sources on BSF mating success per 

se is unclear. 

In this study, we compared the effects of four different artificial light sources on BSF 

mating success using two different BSF colonies. We also measured the spectra of the 

tested four artificial light sources, calculated their spectral composition in relation to the 

BSF-visible spectrum, and compared their energy efficiency in terms of their output 

spectra. 
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4.2 Materials and methods 

пΦнΦм {ƻǳǊŎŜ ƻŦ ƛƴǎŜŎǘǎ 

Two BSF colonies were used in this experiment. One colony, referred to as ñBROLò 

hereafter, was established from two thousand prepupae obtained from Birdwatch Rotorua 

Ltd. (Rotorua), New Zealand in 2017. The larvae of this colony were reared in our 

laboratory on broll ð a by-product of wheat flour production (Liu et al., 2018). Due to 

our limited rearing capacity, two thousand BROL prepupae were assigned for breeding 

at each generation. The other colony, referred to as ñPRSTò hereafter, originated from 

more than ten thousand larvae collected from Thames, Pukenui, and Palmerston North, 

New Zealand. The larvae of the PRST colony were fed with food waste collected from 

restaurants located in Palmerston North, New Zealand. This colony was kept by Prescient 

Nutrition Ltd. (New Zealand) at a commercial scale, where hundreds of thousands of 

prepupae were used for breeding at each generation. The adult flies of both colonies were 

kept in their respective cages (each cage 180 Ĭ 90 Ĭ 90 cm; L Ĭ W Ĭ H) in the same 

glasshouse, and sunlight was the only light source for maintaining both colonies. Prior to 

this experiment, the BROL and PRST colonies had been in captivity for two and about 

14 generations, respectively. To obtain adult flies for each replicate in the present 

experiment, two hundred pupae were collected from our BROL colony, and two hundred 

pupae were obtained from the PRST colony. All pupae were kept at 27ÁC and 80% R.H. 

(relative humidity), and adults that emerged within a 24-h window with fully expanded 

wings were collected. 
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пΦнΦн !ǊǘƛŦƛŎƛŀƭ ƭƛƎƘǘ ǎƻǳǊŎŜǎ 

Four artificial light sources were included here based on the following criteria: 

1. A 500-W halogen lamp (HL110, Arlec Australia Pty. Ltd., Australia) further 

referred to as ñHALOò. Halogen radiation has been reported to successfully 

facilitate BSF mating (Zhang et al., 2010). 

2. A combination of a 50-W white LED lamp (WLED100, Arlec Australia Pty. Ltd., 

Australia) and a 50-W compact fluorescent black light (LT50G, Mayo Hardware 

Pty. Ltd., Australia) further referred to as ñLEDUVò. This light source is similar 

to that tested by Nakamura et al. (2016), and follows earlier suggestions that 

ultraviolet (UV) radiation is crucial for BSF mating (Oonincx et al., 2016). 

3. A 400-W metal halide lamp (MF400DL, Eye Lighting International of North 

America Inc., U.S.) referred to as ñMHò. This light was included in our study 

because its spectral pattern resembles close to that of sunlight. 

4. A 20-W LED lamp (BSF-4C-20-3900A, JM Green Co. Ltd., China) further 

referred to as ñBSFLEDò. This light was included because it was designed to 

match the visual spectral sensitivity of BSF adults (Oonincx et al., 2016). 

 

пΦнΦо 9ȄǇŜǊƛƳŜƴǘŀƭ ŘŜǎƛƎƴ 

The experiment was originally subject to a randomized block design (blocking by time) 

to test the HALO, LEDUV, and MH lights with the BROL colony only. However, no 

fertile egg clutches were obtained from any of these lights after two replicates. After that, 
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a trial with adults from the PRST colony under the BSFLED light revealed successful 

reproduction. Therefore, a new randomized block design with (a) three replicates for the 

PRST colony and all four types of lights, (b) three replicates for the BROL colony and 

the BSFLED light, and (c) one more replicate for BROL colony and the HALO, LEDUV 

and MH lights was set up. Due to spatial and facility constraints, only one replicate per 

treatment could be run at a time. The entire experiment was carried out from September 

2017 to November 2018. 

For each artificial light and colony, a 30 Ĭ 30 Ĭ 30 cm BugDorm cage (DP-1000, 

MegaView Science Co. Ltd., Taiwan) was used to accommodate 20 BSF adults with a 1 

: 1 sex ratio (Oonincx et al., 2016). To provide water for the flies, a piece of paper towel 

was folded into a fan to wick water up through a hole on the lid of a 250-mL plastic 

container (Cuisine Queen FS3320, Seymour Distributing Co. Ltd., New Zealand). Two 

sugar cubes were placed on the cage floor (Nakamura et al., 2016). Another 250-mL 

plastic container was used to hold fermented larvae-consumed broll to attract oviposition 

(Nakamura et al., 2016), and covered with a mesh lid to allow volatile emission. Three 

pieces of 3 Ĭ 6 cm corrugated cardboard strips (flute length: 3 cm; flute opening: ca. 2 Ĭ 

3 mm) were glued together and placed on the mesh lid to provide oviposition sites. The 

cage setup is illustrated in Figure S4.1. 

The artificial light source to be tested each time was set up above the cage. The 

illumination regime was set as 12 L : 12 D (Oonincx et al., 2016). During the scotophase, 

when the light was off, the temperature in the experimental room was maintained at 27 Ñ 

0.5ÁC by using an air conditioner (CS-E7PKR, Panasonic Corp., Japan). During the 

photophase, the infrared radiation from the HALO and MH lights brought the temperature 

in the experimental room to 29 Ñ 1ÁC. Thus, to assure the same temperature regime for 
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all the light treatments, supplementary heating was provided in the LEDUV and BSFLED 

light treatments during the photophase. Because higher light intensity (i.e., irradiance) 

could benefit BSF mating (Oonincx et al., 2016; Tingle et al., 1975; Tomberlin & 

Sheppard, 2002), the distance from the bottom of each type of light to the top of the cage 

was set as small as possible, as long as the temperature could be controlled within the 

aforementioned range during the photophase. The irradiance (300ï885 nm) of each 

artificial light source at the center of the cage was measured with a spectrometer 

(USB4000, Ocean Optics, Inc., U.S.), with the sensor facing upwards. 

Sunlight irradiance was also measured on five sunny southern hemisphere summer 

afternoons, during January 8thï31st, 2018 at the center of a glasshouse (40Á22ǋ41.3ǌS, 

175Á36ǋ48.13ǌE), where the two BSF adult colonies were kept. The sunlight spectrum 

was averaged over the five measurements. Because BSF mating prefers sunny days and 

higher light intensities (Oonincx et al., 2016; Tingle et al., 1975), our measured sunlight 

represents the most possibly suitable natural illumination for BSF mating. Relative 

humidity in the experimental room was kept at 60 Ñ 10%. 

Each artificial light and colony was replicated three times. For each replicate, the BSF 

adults were kept in the cage with a particular type of light for 10 d. This timing was 

selected because (1) light type does not affect BSF fecundity or oviposition temporal 

pattern (Nakamura et al., 2016; Oonincx et al., 2016), and (2) in preliminary trials, 

females from both colonies laid more than 80% eggs within the first 10 d. 

During the course of each replicate, egg clutches were collected and counted, and dead 

adults were removed from the cage and stored at ī20ÁC every day. It was difficult to 

determine the true size of a clutch, because (1) it depends on female fecundity and the 
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size of the crevice, where the eggs are laid, (2) females may lay their eggs into a single 

egg clutch, and (3) a female may deposit her eggs into multiple clutches at different 

locations (Heussler et al., 2018; Tomberlin et al., 2002). Therefore, an egg clutch was 

arbitrarily defined as a group of more than 200 eggs that were laid together. The collected 

egg clutches were incubated at 27ÁC and 80% R.H. for 5 d to determine their fertility 

(Holmes et al., 2012). Fertile eggs showed eye spots during the incubation period. The 

percentage of fertile clutches was used to estimate mating success (Nakamura et al., 

2016). In a preliminary experiment, females that had laid fertile eggs were found to also 

carry sperm in their spermathecae after death, while sperm was not found in females that 

laid infertile eggs (Figure 4.1). Therefore, the presence of sperm in BSF female 

spermathecae was used as a sign of successful mating. All the females were dissected 

after each replicate, and the percentage of inseminated females was also used as an 

indicator of mating success. 

 

Figure 4.1 (A) Reproductive organs of a black soldier fly, Hermetia illucens, female ð 

arrows indicate spermathecae. (B) A spermatheca of a virgin female. A spermatheca of a 

newly inseminated female is shown in (C), which is ruptured in (D) ð arrow indicates 

sperm. 
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пΦнΦп /ŀƭŎǳƭŀǘƛƻƴǎ ŀƴŘ ǎǘŀǘƛǎǘƛŎǎ 

The absolute spectral irradiance were integrated into 300ï400 nm, 400ï500 nm, 500ï650 

nm, and 650ï885 nm using OriginPro 2016 (OriginLab Corp., U.S.) (Oonincx et al., 

2016). For each light source, the percentage of irradiance within each selected waveband 

out of the total measured irradiance was calculated. 

Generalized linear models (GLiMs) with a Poisson distribution (logarithm link) for count 

data, or a binomial distribution (logit link) for percentage data were used to determine the 

effects of colony and artificial light source on the number of egg clutches, the percentage 

of fertile egg clutches, and the percentage of inseminated females. The experiment was 

run over a considerable time. Thus, to account for a possible drift over time, the time 

when each replicate was started (time lapse) was fitted in all models. Accumulated 

deviance analysis was conducted based on the GLiMs. Pairwise likelihood ratio tests with 

Bonferroni corrections were used for multiple comparisons. Pearson correlations were 

used to analyze the correlation between the number of inseminated females and the 

number of fertile egg clutches per light type and colony, and the correlation between the 

percentage of inseminated females and the percentage of fertile egg clutches per light type 

and colony. 

All statistical analyses were performed using Genstat 18th Edition (VSN International 

Ltd., U.K.), with the significance level for all tests being set at Ŭ = 0.05. 
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4.3 Results 

пΦоΦм {ŜƭŜŎǘŜŘ ƻǇǘƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ǘŜǎǘŜŘ ŀǊǘƛŦƛŎƛŀƭ ƭƛƎƘǘ ǎƻǳǊŎŜǎ 

The light intensity and spectral pattern of the artificial light sources used in this study 

were found to be highly specific and distinct (Table 4.1, Figure 4.2). The highest BSF-

visible irradiance (i.e. light intensity) was observed under the BSFLED light, followed by 

the MH light (Table 4.1). The BSF-visible irradiance under the HALO and the LEDUV 

lights was only 6% and 19%, respectively, of that under the BSFLED light (Table 4.1). 

The highest UV (300ï400 nm) irradiance was observed under the MH light, while the 

highest irradiance at blue (400ï500 nm) and long-wavelength (500ï650 nm) wavebands 

were both observed under the BSFLED light (Table 4.1). Except for the HALO light, all 

the artificial light sources provided higher UV irradiance than sunlight (Table 4.1 and 

Figure 4.2AïD). Regarding the non-UV BSF-visible irradiance (i.e., 400ï650 nm), the 

MH light was found to be similar to sunlight, while the BSFLED light was found to be 

much stronger than sunlight (Table 4.1 and Figure 4.2C, D). 

Along the selected waveband (300ï885 nm), the LEDUV and BSFLED lights had 89.6 

and 95.5% of their radiation output within the BSF-visible spectrum, respectively; 

whereas only 22% of the HALO light radiation was within the BSF-visible spectrum 

(Table 4.1). Across the tested artificial light sources, the BSF-visible spectral composition 

of the MH light had the most similar pattern to that of sunlight (Table 4.1). 
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Table 4.1 The absolute irradiance (ɛmolĀmī2Āsī1) across different wavebands (from 300 

to 885 nm) of four artificial light sources: a 500-W halogen lamp (HALO), a combination 

of a 50-W white LED lamp and a 50-W compact fluorescent black light (LEDUV), a 400-

W metal halide lamp (MH), a 20-W LED lamp designed for black soldier fly, Hermetia 

illucens, breeding (BSFLED). Sunlight is included as a reference. The proportional 

irradiance (%) of each light is shown in parentheses. 

Waveband 

Visibility 

to 

H. illucens 

adults a 

 HALO LEDUV MH BSFLED Sunlight 

300ï400 nm Visible 0.9 

(0.3) 

26.8 

(13.1) 

42.5 

(5.9) 

28.2 

(2.9) 

20.2 

(1.9) 

400ï500 nm Visible 7.8 

(3.0) 

45.2 

(22.1) 

186.8 

(25.8) 

457.4 

(46.3) 

188.6 

(18.1) 

500ï650 nm Visible 49.6 

(18.7) 

111.6 

(54.5) 

301.8 

(41.7) 

459.2 

(46.4) 

336.9 

(32.4) 

650ï885 nm Invisible 206.2 

(78.0) 

21.2 

(10.4) 

193.0 

(26.7) 

44.1 

(4.5) 

493.6 

(47.5) 
a
 The wavebands visible and invisible to H. illucens adults are indicated according to 

Oonincx et al. (2016). 
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Figure 4.2 The absolute spectral irradiance of four artificial light sources tested for their 

effects on black soldier fly, Hermetia illucens, mating success. (A) a 500-W halogen lamp 

(HALO), (B) a combination of a 50-W white LED lamp and a 50-W compact fluorescent 

black light (LEDUV), (C) a 400-W metal halide lamp (MH), (D) a 20-W LED lamp 

designed for black soldier fly, H. illucens, breeding (BSFLED). The measurement for the 

artificial light sources was conducted at the center of the cage containing H. illucens adult 

flies. The grey area indicates wavelengths (> 650 nm) that are invisible to the H. illucens 

adult flies (Oonincx et al., 2016). The red dotted curves represent sunlight radiation. 
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Both insect colony and artificial light source had significant effects on the percentage of 

fertile egg clutches and inseminated females, but these two factors did not affect the 

number of egg clutches (Table 4.2, Figure 4.3). Time (i.e. number of days after the first 

day of the experiment) did not affect the number of egg clutches or the percentage of 

inseminated females; however, the percentage of fertile egg clutches changed 

significantly with time (Table 4.2). 

For the BROL colony, fertile egg clutches and inseminated females were only observed 

when BSF adults were exposed to the BSFLED light (Figure 4.3B, C). Therefore, 

pairwise comparisons were not conducted for this colony. 

For the PRST colony, adults exposed to the BSFLED light had the highest mating success 

(90.0 Ñ 5.8%) and the highest production of fertile egg clutches (91.4 Ñ 5.3%), followed 

by the HALO and the LEDUV lights (Figure 4.3E, F). No fertile egg clutches or 

inseminated females were collected when adults were exposed to the MH light (Figure 

4.3E, F). 

There were significant differences between the two colonies in terms of mating success. 

Under the BSFLED light, successful reproduction was observed in all replicates when the 

PRST colony was used, and on average more than eight females mated; when the BROL 

colony was used, mating success was only observed in one replicate, where only four 

inseminated females were found. Moreover, mating success was observed under the 

HALO and LEDUV lights with the PRST colony but not with the BROL colony (Figure 

4.3B, C, E, F).  
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Table 4.2 Accumulated deviance analyses conducted based on generalized linear models 

to test the effects of insect colony, artificial light source, and time on the number of egg 

clutches, the percentage of fertile egg clutches, and the percentage of inseminated 

females. 

Parameter Factor df Deviance 
Deviance 

ratio 
P 

Number of 

egg clutches 

Colony 1 1.56 1.56 0.21 

Artificial light source 3 2.92 0.97 0.40 

Colony Ĭ 

Artificial light source 
3 4.82 1.61 0.19 

Time lapse 1 0.05 0.05 0.82 

Residual 15 3.19   

Total 23 12.55   

      

Percentage 

of 

fertile egg 

clutches 

Colony 1 38.48 38.48 < 0.001 

Artificial light source 3 108.54 36.18 < 0.001 

Colony Ĭ 

Artificial light source 
3 0.11 0.04 0.99 

Time lapse 1 6.43 6.43 0.01 

Residual 15 8.73   

Total 23 162.28   

      

Percentage 

of 

inseminated 

females 

Colony 1 36.12 36.12 < 0.001 

Artificial light source 3 90.37 30.12 < 0.001 

Colony Ĭ 

Artificial light source 
3 0.41 0.14 0.94 

Time lapse 1 1.60 1.60 0.21 

Residual 15 15.81   

Total 23 144.31   
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Figure 4.3 Number of black soldier fly, Hermetia illucens, egg clutches collected, 

percentage of fertile egg clutches, and percentage of inseminated females from the BROL 

colony (AïC) and the PRST colony (DïF) under different artificial lights: a 500-W 

halogen lamp (HALO), a combination of a 50-W white LED lamp and a 50-W compact 

fluorescent black light (LEDUV), a 400-W metal halide lamp (MH), and a 20-W LED 

lamp designed for H. illucens breeding (BSFLED). Data points represent means, error 

bars denote the standard error of the means. The number of eggs did not significantly 

differ across light treatments (A and D). Pairwise comparisons were not conducted for 

the BROL colony regarding the percentage of fertile egg clutches (B) or inseminated 

females (C). Different letters above the error bars in E and F indicate significant 

differences across light treatments (P < 0.05). 
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The number of inseminated females had a significant positive correlation with the number 

of fertile clutches (R = 0.95; P < 0.001; Figure 4.4A). Similarly, the percentage of 

inseminated females was positively correlated to the percentage of fertile clutches (R = 

0.98; P < 0.001; Figure 4.4B). 

 

 

Figure 4.4 Scatter plots of (A) the number of inseminated black soldier fly, Hermetia 

illucens females against the number of fertile egg clutches, and (B) the percentage of 

inseminated H. illucens females against the percentage of fertile egg clutches. Data from 

both colonies were used. 

 

4.4 Discussion 

Breeding BSF indoors has been suggested as an energy-efficient approach to consistently 

obtain fertile eggs of this species year round (Sheppard et al., 2002). This would be 

particularly beneficial in regions with low sunlight levels or prolonged winters. However, 

a key challenge is to optimize the artificial illumination conditions. In this experiment, 

we determined the spectra and calculated the spectral energy allocations of four artificial 

light sources, and then tested their effects on BSF mating success. 
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Early studies using a halogen lamp or a combination of LED and fluorescent lamps 

revealed some success at supporting BSF mating (Nakamura et al., 2016; Zhang et al., 

2010). However, until the spectral sensitivity of the photoreceptors of the compound eyes 

of the adult BSF was reported, it was unclear why different light spectra led to different 

mating success (Oonincx et al., 2016). In our study, the BSFLED light, which was 

designed according to the spectral sensitivity of the BSF adult photoreceptors, yielded the 

highest number of inseminated females and fertile egg clutches. For the PRST colony, 

adults exposed to this type of light had the highest mating success (90.0 Ñ 5.8%) and the 

highest production of fertile egg clutches (91.4 Ñ 5.3%). Such a high level of mating 

success has never been reported before and clearly suggested that BSFLED is a very 

suitable light for successful BSF indoor breeding. 

From an industrial perspective, energy efficiency is also a critical parameter when 

selecting an artificial light source for BSF breeding. By investigating the spectra of the 

tested lights, we found that the BSFLED light emitted more than 95% of its radiation 

within the BSF-visible waveband (300ï650 nm), whereas the HALO and MH lights 

emitted, respectively, 78.0% and 26.7% of their radiation in the BSF-invisible range (> 

650 nm). Thus, our results suggest that an artificial light spectrum that matches the BSF 

visible sensitivity does not only increase BSF mating success, but also improves energy 

use efficiency. However, we also found that the BSF-visible light intensity of the 

BSFLED light extends beyond that of bright sunlight. Such high light intensity may not 

be necessary for an optimized BSF mating system, and thus may represent a waste of 

energy. Future studies are needed to optimize the light intensity emitted by the BSFLED 

light or light sources with similar spectra, thereby minimizing power consumption while 

still maximizing BSF mating success. 
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Higher light intensity (i.e., higher irradiance) has been reported to be more optimal for 

BSF reproduction (Oonincx et al., 2016; Tingle et al., 1975; Tomberlin & Sheppard, 

2002). In our experiment, the higher BSF-visible irradiance was measured under the MH 

light than under the LEDUV or the HALO lights (Table 4.1). However, while the PRST 

colony successfully reproduced under the HALO and the LEDUV lights, no fertile egg 

clutches or inseminated females were collected under the MH light. Moreover, 

significantly more inseminated PRST females were found under the HALO light than 

under the LEDUV light, in spite of a lower BSF-visible irradiance measured under the 

former light. A possible reason is that apart from light intensity, light flickering also 

affects BSF mating (Oonincx et al., 2016). Eichorn et al. (2017) found that casting a 

flickering light on the wings of female Lucilia sericata (Meigen) could attract mate-

seeking males, and that male response was significantly different with different flickering 

frequencies, as wing beat frequency represents both sex and age in this species. BSF 

males also use female wing beats as a visual cue to recognize potential mates (Giunti et 

al., 2018). Flickering light casting on female wings may interfere with the males' ability 

to recognize the females' wing beat frequency, and thus could lead to reducing mate 

recognition. In our experiments, this variable differed across the tested artificial light 

sources. Flickering could be observed with the naked eyes in the MH (personal 

observation), while the same was not true for the other light sources. However, we were 

unable to quantify the exact frequency of flickering for each tested artificial light source, 

and thus cannot conclude if flickering effects do affect BSF mating success. Oonincx et 

al. (2016) suggested that light flickering could be avoided by using direct current (DC) 

power supply or high-frequency ballasts. This aspect warrants further investigation. 

Oonincx et al. (2016) emphasized the importance of light spectral composition in 

supporting BSF mating. These authors suggested that UV radiation (< 400 nm) is crucial 
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for BSF mating success. However, while BSF successfully mated under a white LED 

lamp (400ï800 nm) without any UV radiation (Heussler et al., 2018), mating was not 

observed under a rear-earth lamp with a spectrum between 350 and 450 nm (Zhang et al., 

2010). Therefore, non-UV radiation may also play a key role in BSF mating. In our 

experiment, different UV and non-UV irradiance were measured under different artificial 

light sources (Table 4.1). However, due to the possible flickering effect, it was difficult 

to interpret the influence of radiation at different wavebands on BSF mating success. 

Previous studies used the number of mating pairs (e.g., Zhang et al., 2010), the number 

and percentage of fertile egg clutches (e.g., Nakamura et al., 2016), or the number of 

resulting young larvae (e.g., Oonincx et al., 2016), to estimate the effect of an artificial 

light source on BSF mating success. However, acquiring the number of mating pairs 

requires a regular and precise counting, which could be difficult at high adult densities. 

Because a fertile female may deposit her eggs at various locations, and a fertile clutch 

may be attributed to multiple females, the number and percentage of fertile clutches may 

not be a precise indicator of mating success (Heussler et al., 2018; Tomberlin et al., 2002). 

Similarly, the number of young larvae might be influenced by egg hatching rate and larval 

mortality, and thus is not fully indicative of mating success. Inspecting spermathecae 

allowed us to determine the exact number of females that had mated successfully when 

exposed to each particular light type. We were able to dissect a female and inspect 

spermathecae within as little as 30 s. We found a significantly positive correlation 

between the percentage of inseminated females and the percentage of fertile egg clutches, 

which indicated that the latter is a reliable parameter to estimate BSF mating success in 

our experiment. However, we suggest the percentage of fertile egg clutches to be used 

with low adult densities (e.g., 10 pairs), because different egg clutches may cluster 

together under the oviposition attractant container when higher adult densities are used 
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(Heussler et al., 2018). 

Interestingly, we found differences in reproductive performance and response to the 

artificial lights tested according to the BSF colony used. The number and percentage of 

inseminated females and fertile egg clutches were significantly higher for the PRST 

colony compared to the BROL colony, regardless of the type of light used. Because all 

BSF adults were only fed with water and sugar in our experiment, the nutritional resource 

allocated to reproduction at the adult stage should have originated mainly (if not all) from 

resources accumulated during the larval stage. Quantity and quality of larval diet have 

been shown to affect reproductive fitness of adult insects, including female fecundity 

(Telang et al., 2006), male mating success and spermatophore size (Delisle & Hardy, 

1997). Female fecundity of BSF can also be affected by larval diet (Chia et al., 2018b), 

especially by its nutrient concentration and protein content (Barrag§n-Fonseca, 2018). 

Compared with the diet fed to the BROL colony, i.e. broll only, which is a by-product of 

wheat flour production, the diet fed to the PRST colony included a broader variety of 

nutritional sources including meat, grain, vegetables, and fruits, and was probably a more 

balanced BSF larval diet. Nevertheless, Barrag§n-Fonseca (2018) reported that BSF 

larval diet did not affect the percentage of fertile egg clutches. Given that the definition 

of an egg clutch is still ambiguous, we suggest using the percentage of inseminated 

females to further investigate the effects of larval diet on BSF mating success. 

Genetic effects may have also affected mating success in the colonies used in our 

experiment. The BROL colony originated from only one geographic population (i.e., 

Rotorua), while the PRST colony originated from three geographic populations in New 

Zealand (i.e., Thames, Pukenui, and Palmerston North). Moreover, the adult population 

size of the BROL colony was much smaller (< 1/100) than the PRST colony. Thus, even 
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though the BROL colony have been kept in captivity for fewer generations than the PRST 

colony, the BROL colony is still more prone to loss of genetic diversity and possible 

inbreeding depression than the PRST colony (Falconer & Mackay, 1996; Frankham et 

al., 2010). Studies have revealed that inbreeding could affect insect mating success 

through deteriorating fitness (Rantala et al., 2011), impaired mating behaviors (Miller et 

al., 1993), and changing sexually selected traits (Drayton et al., 2007). Since an increasing 

number of BSF colonies are being kept in captivity for commercial feed production and 

waste management, inbreeding is likely to happen in poorly managed colonies, and its 

potential consequences and ways of avoidance should be addressed by future studies. 

In summary, among the four types of artificial light sources tested here, the BSFLED light 

was the most efficient in terms of energy allocation to the BSF-visible waveband, and it 

led to the highest mating success. We recommend the use of this light type or similar ones 

for BSF-indoor breeding. We also identified a colony effect on BSF mating success, 

which warrants future studies and consideration. To the best our knowledge, this is the 

first study that shows the morphology of BSF female reproductive organs with some 

detail. We recommend using the presence of sperm in the spermathecae as a reliable 

indicator of mating success. Now that we have identified a very effective artificial light 

source for BSF breeding, in-detail reproductive studies of this species could be conducted 

under easily controllable indoor environments.  
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4.7 Appendix 

 

Figure S 4.1 Cage setup used in this study to test the effect of different lighting systems 

on the mating success of black soldier fly, Hermetia illucens, adults. 
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Abstract 

The black soldier fly (BSF) Hermetia illucens (L.) (Diptera: Stratiomyidae) has been 

recognized as a promising insect species for sustainable management of organic waste 

and by-products. Indoor breeding of BSF with artificial lighting has been proved 

successful, but efforts are still needed to optimize BSF reproductive output. Increasing 

adult density seems an option to exploit space, whereas decreasing artificial lighting 

duration may reduce unnecessary power consumption. This study aimed at investigating 

the effects of adult density (10, 25, and 50 pairs per 30 Ĭ 30 Ĭ 30 cm cage; i.e., 370, 926, 

and 1,852 pairsĀmī3), light regime (8 : 16, 12 : 12, and 16 : 8 [L:D] h), and their possible 

interactions, on some BSF life history traits relevant to reproduction. The results show 

that the overall BSF reproductive output increased with increasing adult density but was 

not affected by light regimes per se. With the highest BSF adult density tested, an average 

of more than 20,000 neonate larvae were produced from a cage within 10 d. At this 

density, increasing photoperiod increased neonate production, but also decreased the 

number of neonates per watt used for artificial illumination. The temporal oviposition 

patterns, mean individual female reproductive output, mating success, egg hatching rate, 

and insect survival rate were not affected by adult density or light regime as simple 

effects. However, the interaction between adult density and light regime was significant 

for the first oviposition peak, mean individual female reproductive output, and insect 

survival rate. The possible mechanisms behind our results are discussed. 

 

 

YŜȅǿƻǊŘǎΥ egg hatching rate, indoor breeding, mating success, oviposition rate, 

photoperiod 
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5.1 Introduction 

The black soldier fly (BSF) Hermetia illucens (L.) (Diptera: Stratiomyidae) possesses 

great potential to upcycle organic waste and by-products in circular bioeconomy. The 

BSF larvae can consume animal manure (e.g., Oonincx et al., 2015), agricultural and 

food-industrial by-products (e.g., Lim et al., 2019; Palma et al., 2018), municipal food 

waste (e.g., Diener et al., 2011; Nguyen et al., 2015), and their combinations (e.g., 

Barrag§n-Fonseca et al., 2018; Rehman et al., 2017; Zheng et al., 2012), thereby reducing 

the amount of organic substrates in landfills. The harvested BSF larval biomass can be 

used to feed different animals (Barrag§n-Fonseca et al., 2017) or be processed into 

industrial products such as biodiesel and chitin, which are potential substitutions for 

petroleum and plastic, respectively (Li et al., 2011; Rehman et al., 2018; Sanandiya et 

al., 2020). The compost derived from the larval feeding activities can also be used to 

substitute for or supplement artificial fertilizers (Chirere et al., 2021; Sarpong et al., 

2019; Setti et al., 2019). 

Worldwide, the amount of organic waste is growing rapidly due to increasing human 

population (Berendes et al., 2018; Hoornweg & Bhada-Tata, 2012), thus a year-round 

demand for young BSF larvae (i.e., neonate larvae) for sustainable organic waste 

management would be expected. To ensure the supply of BSF neonates, the BSF breeding 

system must be efficient in producing viable eggs year-round (Pastor et al., 2015). 

Because BSF reproduction requires both special illumination (Kl¿ber et al., 2020; Liu et 

al., 2020; Macavei et al., 2020; Oonincx et al., 2016) and temperature ranges not reached 

in every part of the world (Chia et al., 2018), it could be cost-efficient to use artificial-

light-assisted and temperature-controlled indoor breeding systems for year-around BSF 

neonate production (Sheppard et al., 2002). Increasing adult population density could 
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potentially increase the production of BSF neonates within an indoor breeding space 

(Pastor et al., 2011), while shortening photophase (i.e., hours of artificial illumination) 

could potentially reduce running costs. 

Successful BSF reproduction has been observed at adult densities ranging from 350 to 

2550 pairsĀmī3 (Heussler et al., 2018; Nakamura et al., 2016; Oonincx et al., 2016), but, 

to the best of our knowledge, the effect of adult density per se on BSF reproduction has 

been investigated by only two studies thus far (Hoc et al., 2019; Park et al., 2016). 

However, both Park et al. (2016) and Hoc et al. (2019) used only the number of prepupae 

or pupae to represent adult densities, without considering adult emergence rates (i.e., 

losses during pupation or eclosion). Therefore, the actual adult densities used in the Park 

et al. (2016) and Hoc et al. (2019) experiments are unclear. 

BSF can successfully reproduce under a wide range of artificial light regimes, such as 

2:22, 6:18, 9:15, 12:12, 16:8, and 18:6 h L:D (Heussler et al., 2018; Hoc et al., 2019; 

Kl¿ber et al., 2020; Liu et al., 2020; Nakamura et al., 2016; Oonincx et al., 2016; Zhang 

et al., 2010). However, one of the few (if not the only) studies available thus far exploring 

the effects of light regime on BSF reproduction was conducted with female dominant 

populations (Hoc et al., 2019). Thus, the effects of light regime on BSF reproduction and 

neonate production remain largely unexplored. 

In the present study, we investigated the effects of adult density, light regime, and their 

possible interactions on selected BSF life history traits, including temporal oviposition 

patterns, female reproductive output from a breeding cage, mean individual female 

reproductive output, mating success, egg hatching rate, and insect survival rate. We 

compared the relative importance of manipulating adult density and photoperiod in 
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maximizing BSF neonate production, and discussed the possible underlying mechanisms 

and the implications of our results for optimized BSF indoor breeding. 

 

5.2 Materials and methods 

рΦнΦм 9ȄǇŜǊƛƳŜƴǘŀƭ ŘŜǎƛƎƴ 

The insects used in this experiment were provided by Prescient Nutrition Ltd., New 

Zealand in 2019. The larvae were fed with food waste collected from local restaurants in 

Palmerston North, New Zealand. The adults were kept in breeding cages (each cage 

180 Ĭ 90 Ĭ 90 cm; L Ĭ W Ĭ H) in a glasshouse. For each experimental run, 1 kg of BSF 

pupae were collected and kept at 27ÁC and 80% R.H. (relative humidity) for adult 

emergence. Adults that emerged within a 24-h window with fully expanded wings were 

used for the experiment described here. 

The newly emerged flies were separated by sex, and the same number of males and 

females were assigned to one of the treatments (Table 5.1). Regardless of the light regime 

or adult density tested, all adults were housed in 30 Ĭ 30 Ĭ 30 cm mesh cages (BugDorm, 

DP-1000, MegaView Science Co. Ltd., Taiwan). A 20-watt LED BSF breeding lamp 

(BSF-4C-20-3900A, JM Green Co. Ltd., China) was set 1 cm above each cage to induce 

BSF mating. The choice of experimental cage size and BSF breeding lamps were based 

on our previous success at breeding BSF indoors (Liu et al., 2020). 

Three different light regimes (8 : 16, 12 : 12, and 16 : 8 h L:D) and three different adult 

densities (10, 25, and 50 pairs per cage; i.e., 370, 926, and 1,852 pairsĀmī3, respectively) 

were tested. 



/ƘŀǇǘŜǊ р 

мпн 
 

Due to equipment availability, three different incubators (Incubator A: Contherm Series 

Five, Contherm Scientific Ltd., New Zealand; Incubator B: Qualtex Thermostat, 

Watson Victor Ltd., Australia; Incubator C: Sanyo MOV-212F, SANYO Electric 

Biomedical Ltd., Japan) were covered with black cloth and used to accommodate 

different light regimes within an experimental run. A 3 Ĭ 3-factorial resolvable block 

design was generated by CycDesigN 5.1 (VSN International Ltd. Hertfordshire, U.K.) to 

resolve all the nine combinations of the two factors to be tested. Three replicates were 

conducted during the experiment. The experimental design is shown in Table 5.1. 

For each adult density and light regime combination tested, eggs and dead adults were 

collected daily, if present. The sex and number of dead adults were determined, and all 

dead females were stored at ī20ÁC for later dissections. Any eggs collected from the 

cages were transferred to a Petri dish and kept at 27ÁC and 80% R.H. for 36 h to allow 

any fertile eggs to develop eye spots. Eggs were then separated into fertile or infertile 

groups under a stereomicroscope (Leica M80, Leica Microsystems GmbH, Germany) 

based on the presence of eye spots, and were weighed as respective groups (i.e., fertile 

vs. infertile). Finally, one hundred fertile or infertile eggs were counted from each group 

and weighed. This weight was then used to estimate the respective number of fertile or 

infertile eggs collected daily from each experimental cage. The number of fertile or 

infertile eggs that were fewer than one hundred was directly obtained by counting. All 

fertile eggs were returned to the hatching environment for another 3 d, and then the 

number of unhatched eggs was recorded. Each experimental run lasted 10 d, which was 

consistent with our previous experiments testing the best type of artificial light to be used 

in a BSF indoor breeding system (Liu et al., 2020). 

On the last day of each experimental run, all remaining live females were transferred to 
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0ÁC while the dead females already collected from the same run were thawed at the same 

temperature. After the live females had reached cold-induced dormancy for at least 5 

minutes, all the females from the same experimental run were dissected to determine their 

insemination status as per Liu et al. (2020). 

 

рΦнΦн /ŀƭŎǳƭŀǘƛƻƴǎ ŀƴŘ ǎǘŀǘƛǎǘƛŎǎ 

All statistical analyses were performed using Minitab 18 (Minitab, LLC), with Ŭ = 0.05 

for all tests. All graphical work was conducted with OriginPro 2016 (OriginLab Corp.). 

The number of eggs collected daily from a cage during each 10-d experimental run was 

plotted against time to identify the preoviposition period and the oviposition peaks. 

General linear models (GLMs; GLM procedure) were fitted to the data to analyze their 

effects on different insect life history traits (Table 5.2). Elapsed time (days between the 

start date of the first experimental run and the start date of each following experimental 

run) was treated as a covariate, while incubator, adult density, light regime, and the 

interaction between adult density and light regime were treated as fixed effects. If adult 

density or light regime effect was significant, Tukeyôs honestly significant difference test 

was performed for multiple comparisons. 

 

  



/ƘŀǇǘŜǊ р 

мпп 
 

Table 5.1 The 3 Ĭ 3-factorial block design used to test the effects of adult density and light regime on the selected life history traits of black soldier 

fly (Hermetia illucens L.) adults. 

Replicate Experimental run Incubator A Incubator B Incubator C 

1 1 370 pairsĀmī3, 8L : 16D 926 pairsĀmī3, 16L : 8D 1852 pairsĀmī3, 12L : 12D 

2 370 pairsĀmī3, 16L : 8D 1852 pairsĀmī3, 8L : 16D 926 pairsĀmī3, 12L : 12D 

3 1852 pairsĀmī3, 16L : 8D 926 pairsĀmī3, 8L : 16D 370 pairsĀmī3, 12L : 12D 

     

2 4 926 pairsĀmī3, 12L : 12D 370 pairsĀmī3, 16L : 8D 1852 pairsĀmī3, 8L : 16D 

5 370 pairsĀmī3, 12L : 12D 1852 pairsĀmī3, 16L : 8D 926 pairsĀmī3, 8L : 16D 

6 1852 pairsĀmī3, 12L : 12D 370 pairsĀmī3, 8L : 16D 926 pairsĀmī3, 16L : 8D 

     

3 7 926 pairsĀmī3, 16L : 8D 370 pairsĀmī3, 12L : 12D 1852 pairsĀmī3, 16L : 8D 

8 926 pairsĀmī3, 8L : 16D 1852 pairsĀmī3, 12L : 12D 370 pairsĀmī3, 16L : 8D 

9 1852 pairsĀmī3, 8L : 16D 926 pairsĀmī3, 12L : 12D 370 pairsĀmī3, 8L : 16D 

Three different adult densities, 370, 926, and 1852 pairsĀmī3 were achieved by housing 10, 25, and 50 pairs of adults in a 30 Ĭ 30 Ĭ 30 cm mesh 

cage, respectively. A 20-watt lamp was set 1 cm above each cage to induce black soldier fly mating.  
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Table 5.2 Selected life history traits of black soldier fly (Hermetia illucens L.) adults 

analyzed with general linear models to test the effects of adult density and light regime. 

Category Life history trait measured 

Temporal oviposition 

pattern 

 

Length of pre-oviposition period 

Day of oviposition peak 

Female reproductive output 

from an experimental cage 

used 

Total number of eggs 

Total number of fertile eggs 

Total number of neonates 

Mean individual female 

reproductive output 

 

Average number of eggs laid per female a 

Average number of fertile eggs laid per 

inseminated female b 

  

Mating success Percentage of inseminated females 

  

Egg fertility  

and hatching rate 

Percentage of fertile eggs 

Hatching rate of fertile eggs 

  

Insect survival rate 
Adult male 

Adult female 

a. Calculated as the total number of eggs divided by the total number of females placed 

in an experimental cage. 

b. Calculated as the total number of fertile eggs divided by the total number of 

inseminated females obtained in a cage. 
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In preliminary data analyses, temperature and R.H. were found to be significantly affected 

by incubator, elapsed time, and photoperiod (Tables S5.1 and S5.2). Therefore, 

temperature and R.H. were not fitted in the GLMs to avoid multicollinearity. However, 

possible temperature and R.H. effects are discussed later. 

Paired t-tests were performed to analyze (1) the differences between the average number 

of eggs laid per female and the average number of fertile eggs laid per inseminated female 

and (2) the differences between male and female survival rate. 

 

5.3 Results 

рΦоΦм ¢ŜƳǇƻǊŀƭ ǘǊŀƛǘǎ ƛƴ .{C ƻǾƛǇƻǎƛǘƛƻƴ 

Overall, BSF females started to lay eggs after a preoviposition period of 2.7 Ñ 0.1 (mean 

Ñ SE) d. The first and the second oviposition peaks appeared 4.5 Ñ 0.1 and 7.3 Ñ 0.2 

d after the placement of adult flies in the experimental cages, respectively. The daily 

oviposition patterns of BSF under different adult densities and light regimes are shown in 

Figure 5.1. Preoviposition and the timing of the second oviposition peak were not 

significantly affected by any factor fitted in the model. The timing of the first oviposition 

peak was not significantly affected by adult density (F2,15= 1.21, P = 0.33) or light regime 

(F2,15 = 0.42, P = 0.66), but was significantly affected by their interaction (F4,15 = 3.71, P 

= 0.027) (Figure 5.2). Under 8- and 12-h photoperiods, BSF reached the first oviposition 

peak earlier at 926 pairsĀmī3 than at the other adult densities tested. The opposite trend 

was found under 16-h photoperiod. Moreover, at lower adult densities the timing of the 

first oviposition period varied more widely in response to light regime. Incubator effect 
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was significant for the timing of the first oviposition peak (F2,15 = 5.34, P = 0.018), but 

not for other temporal oviposition traits. 

 

рΦоΦн wŜǇǊƻŘǳŎǘƛǾŜ ƻǳǘǇǳǘ 

Adult density had significant positive effects on the total number of eggs, fertile eggs, 

and neonates (Figures 5.1 and 5.3; Table 5.3). On the contrary, the light regimes used did 

not affect the total numbers of eggs (F2,15 = 2.52, P = 0.11), fertile eggs (F2,15 = 0.14, P = 

0.87), or neonates (F2,15 = 0.12, P = 0.89). There was a significant interaction between 

adult density and light regime in the total number of eggs (F4,15 = 5.43, P = 0.007) (Figure 

5.3A), with longer photoperiods resulting in higher total egg production when adult 

density was high, but not when adult density was low. There was no significant interaction 

between adult density and light regime for the total numbers of fertile eggs laid (F4,15 = 

1.3, P = 0.32) or neonates produced (F4,15 = 1.36, P = 0.29), though the trends (Figure 

5.3B and C) were similar to that for the total number of eggs. 
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Figure 5.1 Daily oviposition pattern of black soldier fly (Hermetia illucens L.) housed 

in 30 Ĭ 30 Ĭ 30 cm mesh cages and under different combinations of adult densities 

and light regimes. Grey and white parts of the bars represent the number of fertile and 

infertile eggs, respectively. The squares on solid lines indicate the cumulative number 

of fertile eggs, and the triangles on dash lines indicate the cumulative number of all 

eggs. 370, 926, and 1,852 pairsĀmī3 indicate 10, 25, and 50 pairs of flies per 30 Ĭ 30 Ĭ 

30 cm cage, respectively. 
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Figure 5.2 The timing of the first oviposition peak of female black soldier fly 

(Hermetia illucens L.) in response to different combinations of adult densities and light 

regimes. The tested densities were 370, 926, and 1,852 pairsĀmī3, indicating 10, 25, and 

50 pairs of flies per 30 Ĭ 30 Ĭ 30 cm cage, respectively. The values shown are means Ñ 

SE. 
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Figure 5.3 Black soldier fly (Hermetia illucens L.) female reproductive output from an 

experimental cage used in response to different combinations of adult densities and light 

regimes. (A) Total number of eggs, (B) total number of fertile eggs, and (C) total number 

of neonates. The tested densities were 370, 926, and 1,852 pairsĀmī3, indicating 10, 25, 

and 50 pairs of flies per 30 Ĭ 30 Ĭ 30 cm cage, respectively. The values shown are means 

Ñ SE. 
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Table 5.3 Reproductive output of all the female black soldier flies (Hermetia illucens 

L.) from an experimental cage in response to different adult densities. 

Adult density 

(pairsĀmī3) 

Total number of 

eggs (mean Ñ SE) 

Total number of fertile 

eggs (mean Ñ SE) 

Total number of 

neonates  

(mean Ñ SE) 

370 8,366 Ñ 1,136a 4,108 Ñ 575a 3,974 Ñ 558a 

926 20,772 Ñ 2,008b 10,280 Ñ 1,346b 10,085 Ñ 1,353b 

1852 42,633 Ñ 5,089c 20,743 Ñ 2,537c 20,271 Ñ 2,523c 

F2,15 63.68 29.34 28.52 

P < 0.001 < 0.001 < 0.001 

The data from all the experimental runs were used to calculate the means and standard 

errors presented (i.e., n = 9). The F and P values are extracted from the general linear 

models described in the Calculations and Statistics section. Different letters within a 

column indicate significant differences in Tukeyôs honestly significant difference tests (Ŭ 

= 0.05). Three different BSF adult densities, 370, 926, and 1852 pairsĀmī3 were achieved 

by housing 10, 25, and 50 pairs of adults in a 30 Ĭ 30 Ĭ 30 cm mesh cage, respectively. 

A 20-watt lamp was set 1 cm above each cage to induce black soldier fly mating. 

 

For mean individual reproductive output, adult density did not affect the average number 

of eggs laid per female (F2,15 = 0.03, P = 0.97) or the average number of fertile eggs laid 

per inseminated female (F2,15 = 0.62, P = 0.55). Light regime did not affect the average 

number of eggs laid per female (F2,15 = 0.01, P = 0.99) or the average number of fertile 

eggs laid per inseminated female (F2,15 = 2.29, P = 0.14). The interaction between adult 

density and light regime was significant for both the average number of eggs laid per 

female (F4,15 = 7.08, P = 0.002; Figure 5.4A) and the average number of fertile eggs laid 

per inseminated female (F4,15 = 3.64, P = 0.029; Figure 5.4B). Under the 8-h photoperiod, 

individual BSF females tended to have higher reproductive output when adult density was 

low. Under the 16-h photoperiod, higher individual reproductive output was found with 
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higher adult densities. Overall, the average number of fertile eggs per inseminated female 

(607 Ñ 35) was significantly lower than the average number of eggs laid per female (840 

Ñ 55) (t = 5.45, P < 0.001). 

Effect of incubator was significant for the total number of eggs (F2,15 = 5.4, P = 0.017) 

and the average number of eggs laid per female (F2,15 = 6.92, P = 0.007), but not for the 

total number of fertile eggs (F2,15 = 3.47, P = 0.06), the total number of neonates (F2,15 

= 3.48, P = 0.06), or the average number of fertile eggs laid per inseminated female (F2,15 

= 0.63, P = 0.55). 

 

рΦоΦо aŀǘƛƴƎ ǎǳŎŎŜǎǎ 

The percentage of inseminated females (68.15 Ñ 3.04%) was not affected by adult density 

(F2,15 = 2.29, P = 0.14), light regime (F2,15 = 0.89, P = 0.43), or their interaction (F4,15 = 

0.22, P = 0.92). However, the percentage of inseminated females decreased with time 

(coefficient = ī0.11, F1,15 = 16.03, P = 0.001). Incubator had significant effect on the 

percentage of inseminated females (F2,15 = 13.46, P < 0.001). 
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Figure 5.4 Black soldier fly (Hermetia illucens L.) mean individual female reproductive output in response to different combinations of 

adult densities and light regimes. (A) Average number of eggs laid per female, (B) Average number of fertile eggs laid per inseminated 

female. The tested densities were 370, 926, and 1,852 pairsĀmī3, indicating 10, 25, and 50 pairs of flies per 30 Ĭ 30 Ĭ 30 cm cage, respectively. 

The values shown are means Ñ SE. 
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рΦоΦп 9ƎƎ ŦŜǊǘƛƭƛǘȅΣ ƘŀǘŎƘƛƴƎ ǊŀǘŜΣ ŀƴŘ ƛƴǎŜŎǘ ǎǳǊǾƛǾŀƭ ǊŀǘŜ 

The hatching rate of fertile eggs (97.4 Ñ 0.4%) was not affected by any factor fitted in 

the model. The percentage of fertile eggs decreased with longer photoperiod (F2,15 = 4.29, 

P = 0.034), but was not affected by adult density (F2,15 = 0.003, P = 0.997) or by the 

interaction between adult density and light regime (F4,15 = 0.96, P = 0.46). The 

percentage of fertile eggs (50.19 Ñ 2.58%) declined with time (coefficient = ī0.11, F1,15 

= 13.53, P = 0.002). Incubator did not have significant effect on the percentage of fertile 

eggs (F2,15 = 0.83, P < 0.46). 

The 10-d survival rates of BSF males (75.85 Ñ 2.89%) and females (73.63 Ñ 3.23%) did 

not differ significantly (t = 0.86; P = 0.397). BSF male and female survival rates were 

not affected by adult density or light regime as simple effects. The interaction between 

adult density and light regime on the survival rates of BSF was significant for males (F4,15 

= 7.29, P = 0.002) but marginally nonsignificant for females (F4,15 = 2.91, P = 0.058) 

(Figure 5.5). For both sexes, survival rates tended to decrease with higher adult densities 

under 8- and 12-h photoperiods, but the trend was the opposite under a 16-h photoperiod. 

BSF survival rate did not vary significantly with time or across incubators. 
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Figure 5.5 Black soldier fly (Hermetia illucens L.) 10-d survival rate (in percentage) for adult (A) males and (B) females in response to different 

combinations of adult densities and light regimes. The tested densities were 370, 926, and 1,852 pairsĀmī3, indicating 10, 25, and 50 pairs of flies 

per 30 Ĭ 30 Ĭ 30 cm cage, respectively. The values shown are means Ñ SE. 
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5.4 Discussion 

Understanding the effects of different environmental variables on BSF reproduction 

underlies the efficient production of BSF neonate larvae, which is a prerequisite for the 

use of this species in organic waste management. In the present study, we tested the 

effects of adult density, light regime, and their possible interactions, on selected life 

history traits that are relevant to BSF reproduction. 

Within the density range used in the present study, increasing adult density significantly 

increased the overall BSF reproductive output (Table 5.3). The highest BSF adult density 

(i.e., 1,852 pairsĀmī3) resulted in a neonate production of 20,271 Ñ 2,523 from a 30 Ĭ 30 

Ĭ 30 cm cage. Similar results were also reported by Park et al. (2016) and Hoc et al. 

(2019) ð higher number of BSF pupae loaded in a breeding cage resulted in higher egg 

production. Adult density per se did not significantly affect individual reproductive 

output of BSF females. Similarly, in a previous study, increasing the number of BSF 

pupae loaded in a breeding cage did not significantly affect the weight of eggs laid per 

female on average (Hoc et al., 2019). Therefore, higher reproductive output at higher 

adult density in our experiment seemed to be the result of the increase in adult numbers. 

Our results suggest that adult density could be increased further (i.e., above 1,852 

pairsĀmī3) to exploit the limited breeding space without compromising individual 

reproductive output. However, a threshold of adult density for BSF reproductive output 

is likely to exist, beyond which individual reproductive output may be impaired due to 

competition for food (Mamai et al., 2017) or oviposition sites (Delves & Browne, 1989). 

Because BSF copulation occurs in flight (Tomberlin & Sheppard, 2001), crowding would 

reduce flight space, and thus affect copulation success. Moreover, when a large number 

of BSF are in flight within a limited space under artificial lighting, shading would possibly 
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occur, reducing the overall light intensity and likely affecting visually mediated cues 

needed for successful BSF mating (Oonincx et al., 2016; Tomberlin & Sheppard, 2002). 

Although the increased number of adults beyond the density threshold may compensate 

for the loss of individual reproductivity, the efficiency of utilizing each pair loaded in a 

breeding cage is expected to decline with increasing density; and as the individual 

reproductivity continues to decline, increasing adult density could eventually result in a 

drop of overall reproductive output from a breeding cage. For instance, female fecundity 

of Tenebrio molitor (L.) (Coleoptera: Tenebrionidae) started to decrease from 1.4 

adultsĀdmī2, whereas the total egg yield increased until 14 adultsĀdmī2 and then decrease 

with higher adult densities tested (Morales-Ramos et al., 2012). 

Light regime (i.e., hours of light per day or photoperiod) represents a daily and seasonal 

environmental variation known to have a significant effect on insect reproduction 

(Bradshaw & Holzapfel, 2007; de Wilde, 1962). For instance, a short photoperiod (e.g., 

8 to 13 h), which represents winter conditions, inhibited ovarian development of 

Eysarcoris ventralis (Westwood) (Hemiptera: Pentatomidae) (Noda & Ishii, 1981), and 

suppressed oviposition of Pissodes strobi (Peck) (Coleoptera: Curculionidae) (Trudel et 

al., 2002). Long photoperiods (e.g., 16 h or longer), on the other hand, induced 

reproductive diapause of Oedipoda miniata (Pallas) (Orthoptera: Acrididae), because it 

represents the dry summer conditions in the natural habitat of this species (Orshan & 

Pener, 1979). The effect of light regime on BSF reproduction has been scarcely reported 

in literature. One of the few studies (if not the only) published on this topic thus far 

showed that photoperiods shorter than 6 hĀdī1 could drastically hamper both individual 

BSF female fecundity and egg production from breeding cages (Hoc et al., 2019). In our 

experiment, light regime did not affect BSF reproductive output as a simple effect, 

probably because all photoperiods tested were longer than 6 hĀdī1; and reproductive 



/ƘŀǇǘŜǊ р 

мру 
 

diapause seemed to have not taken place under any light regime tested here. Longer 

photoperiods resulted in lower percentage of fertile eggs, which may be due to lower 

percentage of inseminated females under longer photoperiods and reduction (though not 

significant in our experiment) of the average number of fertile eggs laid by inseminated 

females (Table S5.3 and Equation S5.1). Future studies on the effects of light regime on 

BSF physiological (e.g., hormone and pheromone production, development of 

reproductive systems, sperm viability) and behavioral traits (e.g., flight activity, female 

calling, and male responses) are required to unveil the underlying mechanisms (Gao et 

al., 2022; Gemeno & Haynes, 2001; Nakamura et al., 2016; Orshan & Pener, 1979). 

Light regime has been observed to affect the temporal oviposition patterns in different 

insects (e.g., Jacobson, 1960; Kawano & Ando, 1997; Reznik & Vaghina, 2007). In a 

female dominated BSF population, the oviposition peak appeared 5.7 d after the first 

oviposition when exposed to a short photoperiod (6:18 h L:D); whereas longer 

photoperiods (12 : 12 and 18 : 6 h L:D) brought the oviposition peak forward by about 2 

d (Hoc et al., 2019). In the present study, the temporal BSF oviposition patterns remained 

stable under different light regimes, most likely because the photoperiods used were all 

longer than 6 hĀdī1. 

The interaction between adult density and light regime significantly affected BSF 

reproductive output and survival (Figures 5.3ï5.5). Interestingly, the interaction between 

adult density and light regime on BSF female fecundity and adult survival rate showed 

similar trends. At the lowest adult density tested, female fecundity and survival rate of 

both sexes were higher under shorter photoperiods (i.e., 8 and 12 h), whereas at the 

highest adult density tested, the same responses were only higher under a longer 16-h 

photoperiod. These results indicate that the interaction between adult density and light 
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regime possibly reflects their roles in overall BSF fitness. Energy balance may be a 

contributing factor in this interaction. Holmes et al. (2017) reported that BSF adult 

longevity decreased with longer exposure to light, which was likely due to more adult 

activity under light than in darkness. This may partly explain the higher BSF adult 

survival found with shorter photoperiods at a density of 370 pairsĀmī3 in the present study. 

Moreover, energy deprivation in the adult diet seems to adversely affect both fecundity 

and adult life span in BSF (Macavei et al., 2020). BSF adults have energy-consuming and 

space-requiring reproductive behaviors such as courtship flights (Tomberlin & Sheppard, 

2001). Because the cage size and the amount of adult diet (sugar cubes) did not change 

throughout our experiment, high adult density could have potentially increased the 

competition for flight space and diet availability. As BSF seems to be a diurnal species 

(Tomberlin & Sheppard, 2002), longer photoperiods could increase the total time window 

available for both reproduction and feeding behaviors to take place, therefore reducing 

the intensity of competition at high adult densities. Since we did not directly measure the 

flying or feeding behaviors of the flies, we cannot attest to the actual behaviors displayed, 

and therefore suggest further experimentation to unveil the mechanisms behind our 

results. 

Increasing adult density appears to be more effective than changing light regime for 

maximizing neonate production. Doubling adult density from 926 to 1,852 pairsĀmī3 (i.e., 

from 25 to 50 pairs per cage) doubled the neonate production from 10,085 Ñ 1,353 to 

20,271 Ñ 2,523. Longer photoperiods could benefit neonate production under the highest 

adult density (Figure 5.3C). However, while prolonging photoperiod from 8 to 16 hĀdī1 

increased neonate production by 32%, it would also reduce power efficiency of artificial 

illumination (i.e., number of neonates produced per watt used for artificial illumination) 

by 34%. Similarly, Hoc et al. (2019) found that increasing BSF prepupae loaded in a 
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breeding cage from 4,500 to 8,500 per m3 almost doubled overall reproductive output 

(from 4.2 to 7.8 g per cage). However, according to Hoc et al. (2019), increasing 

photoperiod from 6 to 18 hĀdī1 did not improve BSF reproductive output of female-

dominant populations, resulting in a waste of energy. Therefore, to develop a cost-

effective BSF neonate production system, more importance should be given to increasing 

adult density, as to maximize neonate production, while the selection of a suitable light 

regime should depend on the balance between neonate production and power efficiency. 

The percentage of inseminated females and the percentage of fertile eggs both decreased 

by 28% during the present study (244 d). Moreover, the hatching rate of eggs was about 

50% on average in the present study, which is lower than that reported in previous studies 

(Bertinetti et al., 2019; Hoc et al., 2019; Permana et al., 2020). Since the BSF colony 

used here had been kept in captivity for almost 3 yr without genetic refreshment with wild 

individuals (Z. Liu personal communication with Prescient Nutrition Ltd.), low egg 

viability and decline in the percentage of inseminated females with time may be attributed 

to inbreeding (Hoffmann et al., 2021; Rhode et al., 2020). Inbreeding could reduce mating 

propensity (Meffert & Bryant, 1991), production of sex pheromone (van Bergen et al., 

2013), impair mating behaviors (Miller et al., 1993) and affect sexually-selected traits 

(Drayton et al., 2007). 

The incubator effect had significant effects on the timing of the first oviposition peak, the 

total number of eggs produced, the average number of eggs laid per female, and the 

percentage of inseminated females. We hypothesize that this effect may be partly 

attributed to humidity, because relative humidity could vary up to 30% across incubators 

(Table S5.2). Tomberlin and Sheppard (2002) reported that BSF oviposition positively 

correlated with relative humidity. Temperature also has been reported to affect BSF 
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preoviposition period, female fecundity, and adult longevity (Chia et al., 2018; Shumo et 

al., 2019). In our experiment, temperature varied only about 1ï2ÁC subject to each 

influencing factor (Table S5.1). Nevertheless, because of the dependency of temperature 

and relative humidity on other variables, they were not statistically analyzed in our 

models. 

The present study is only one of the first attempts towards optimizing BSF indoor 

breeding environments, and our results may not be directly applied to different breeding 

scales (i.e., different sizes of cages used for BSF breeding). For instance, if the volume 

of the cage is increased by 1000 times while fixing the density of BSF adult flies, the 

landing surface available for each insect will be reduced by 90% due to the reduction of 

surface-to-volume ratio, which may result in crowding and competition for landing 

surface. Moreover, light distribution in the cage and water and nutrient (e.g., sugar cubes) 

availability may also differ with scales. Therefore, studies investigating BSF adult 

performance in response to different breeding cage sizes will be needed. 

In conclusion, our study is among the first to investigate BSF indoor reproductive 

performance under different environmental conditions, aiming at efficiently maximizing 

BSF neonate production for sustainable management of organic wastes and by-products. 

We demonstrated that, within the range used in our experiment, adult density was the 

most important variable for total BSF reproductive output. A BSF adult density of 1,852 

pairsĀmī3 (i.e., 50 pairs per 30 Ĭ 30 Ĭ 30 cm cage) could be used without compromising 

individual female fecundity, and a neonate production of 7.5 Ĭ 105Āmī3 (i.e., about 20,000 

neonates per 30 Ĭ 30 Ĭ 30 cm cage) on average could be achieved within 10 d under the 

presented experimental conditions. Due to possible adverse effect of increasing case size 

while keeping adult density, replication of the present study or any previous similar ones 
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is recommended prior to implementation at larger breeding scales. Future studies are 

warranted to determine the maximum adult density suitable for neonate production. 

Increasing photoperiod could benefit neonate production when adult density is high, 

however, this would come at a cost for power efficiency in terms of artificial illumination. 

Therefore, a trade-off between neonate production and power consumption would need 

to be considered when choosing a suitable light regime for BSF indoor breeding. 
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5.7 Appendix 

Table S 5.1 Coefficient table of the general linear model conducted to analyze factors 

that could affect the temperature in the experiment environment in the present study. 

Term Coefficient SE t P 

Incubator     

B a ҍ1.28 0.38 ī3.34 0.003 

C a ī0.76 0.38 ī1.98 0.06 

     

A b 1.28 0.38 3.34 0.003 

C b 0.52 0.38 1.36 0.19 

     

Elapsed time ī0.01 0.002 ī4.96 < 0.001 

Photoperiod 0.16 0.05 3.30 0.003 

a. Incubator A was set as a reference for comparisons between incubators. 

b. Incubator B was set as a reference for comparisons between incubators. 

 

Table S 5.2 Coefficient table of the general linear model conducted to analyze factors 

that could affect the relative humidity in the experiment environment in the present study. 

Term Coefficient SE t P 

Incubator     

B a ī9.13 1.58 ī5.79 < 0.001 

C a ī29.45 1.58 ī18.69 < 0.001 

     

A b 9.13 1.58 5.79 < 0.001 

C b ī20.32 1.58 ī12.9 < 0.001 

     

Elapsed time  ī0.04 0.009 ī4.04 0.001 

Photoperiod ī0.58 0.2 ī2.9 0.008 

a. Incubator A was set as a reference for comparisons between incubators. 

b. Incubator B was set as a reference for comparisons between incubators. 
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Table S 5.3 Selected black soldier fly (BSF; Hermetia illucens L.) life history traits in response to different light regimes used in the present 

experiment. All BSF adults were housed in 30 Ĭ 30 Ĭ 30 cm mesh cages. A 20-watt LED BSF breeding lamp was set 1 cm above each cage to 

induce BSF mating. 

Response 8L : 16D 12L : 12D 16L : 8D 

Average number of fertile eggs laid per inseminated female  670 Ñ 65 635 Ñ 49 517 Ñ 63 

Percentage of inseminated females (%) 70.4 Ñ 6.6 67.1 Ñ 2.7 66.9 Ñ 6.2 

Data from all the observations were used (i.e., n = 9). The values are means Ñ SE. 

 

Equation S 5.1 
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6.1 Introduction 

Ending hunger and achieving environmentally sound waste management are two targets 

for sustainable development (Figure 6.1; United Nations, 2015). Compared to landfill and 

composting, bioconversion of organic waste upcycles underutilized nutrients back to the 

human food chain and reduces leachate and greenhouse gas production, thereby assisting 

the achievement of the two sustainable development objectives (Christensen et al., 2010; 

Pang et al., 2020). 

 

Figure 6.1 Goals and targets announced by the United Nations showing the urgent need 

of ending hunger and achieving environmentally sound waste management for global 

sustainable development (United Nations, 2015). 

 

 

Goal 2. End hunger, achieve food security and improved 
nutrition and promote sustainable agriculture 

Target 2.1. By 2030, end hunger and ensure access by all people, 
in particular the poor and people in vulnerable situations, 
including infants, to safe, nutritious and sufficient food all year 
round 

Goal 12. Ensure sustainable consumption and production 
patterns 

Target 12.4. By 2020, achieve the environmentally sound 
management of chemicals and all wastes throughout their life 
cycle, in accordance with agreed international frameworks, and 
significantly reduce their release to air, water and soil in order to 
minimize their adverse impacts on human health and the 
environment 
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The black soldier fly (BSF), Hermetia illucens L. (Diptera: Stratiomyidae), is one of the 

promising candidates for organic waste bioconversion. BSF larvae (referred to as "BSFL" 

hereafter) could be used to convert multiple types of organic waste into organic fertilizer, 

animal feed, precursors of bioplastics, biofuel, and detergents (Chapter 1). To effect 

bioconversion of organic waste employing BSFL at large scales, efforts are needed to 

understand environmental factors that could influence the fitness of this species at 

different life stages, based on which optimization of its rearing environment would be 

possible. My research project was designed to fill knowledge gaps regarding the effect of 

(1) diet on selected BSFL life history and physiological traits, (2) substrate type and 

moisture level on BSF pupation, and (3) illumination and adult density on selected life 

history traits of BSF adults. Based on my results, I discuss aspects that need to be 

considered when optimizing BSF rearing environments, and present my 

recommendations for future research and practical applications. 

 

6.2 Optimization of BSFL diet 

In bioconversion systems employing BSFL, the quality of the organic waste fed to the 

larvae affects the performance of the bioconversion system. In Chapter 2, more suitable 

diets were found to be generally associated with higher rates of larval weight gain (i.e., 

daily dry weight increase per larva), shorter time needed for the larvae to reach the 

harvestable stage, and higher proportions of waste dry matter converted to larval biomass. 

Such trends were also found in other studies (e.g., Adebayo et al., 2021; Lalander et al., 

2019; Scala et al., 2020). Although not observed in my study, suitable diets may also 

increase larval survival rate (Lalander et al., 2019), and thus would increase larval 

biomass production. Moreover, BSF that feed on suitable diets during the larval stage 
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have higher fecundity (Barragan-Fonseca et al., 2021). Because some of the larvae 

harvested from the bioconversion system may be used to breed neonatal larvae of the next 

generation, increasing adult fecundity would reduce the number of larvae allocated to 

producing the next generation neonates, thus increasing system biomass output. Overall, 

optimizing BSFL diet is essential to improve the efficiency of the bioconversion system. 

 

сΦнΦм /ƘŜƳƛŎŀƭ ŎƻƳǇƻǎƛǘƛƻƴ 

A large body of research, including the work presented in Chapter 2, was conducted to 

select locally generated organic waste types that are suitable for BSFL rearing. However, 

the fact that BSFL can grow well on a particular kind of waste does not necessarily mean 

that the chemical composition of that waste is optimal (Barragan-Fonseca et al., 2021; 

Lalander et al., 2019). Feeding on an imbalanced diet, BSFL would need to compromise 

between insufficient intake of nutrients that are in deficit and excessive intake of nutrients 

that are abundant; the former case leads to sub-optimal fitness such as low larval weight 

and adult fecundity, whereas in the latter case, excessive nutrients could be respired (e.g., 

carbohydrates) through catabolism or excreted (e.g., proteins) (Barragan-Fonseca et al., 

2021; Chapman et al., 2013). For instance, brewerôs waste was the most suitable diet for 

BSFL rearing among all the waste types tested in Chapter 2. However, because protein : 

digestible carbohydrate ratio in brewerôs waste is about six times higher than that in broll, 

the larvae fed on brewer's waste had a shorter development time and lower lipid store in 

their body at pupation than those fed on broll (a mixture of wheat bran and wheat flour). 

Thus, the larvae fed on brewerôs waste would have lower fecundity than the broll-fed 

ones (Barragan-Fonseca et al., 2021; Jucker et al., 2020). Moreover, larvae fed on 

brewerôs waste converted a lower proportion of crude protein into larval biomass than 
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those fed on broll, indicating a possible underutilization of crude protein in brewer's 

waste. Therefore, to improve the performance of the bioconversion system, it is necessary 

to understand the effects of dietary chemical composition on BSF fitness at different life 

stages (e.g., Barragan-Fonseca et al., 2021) and nutrient metabolism; based on these 

findings, diets with balanced chemical composition can be formulated. 

Thus far, several semi- and fully-synthetic diets have been used to investigate BSFL 

nutritional requirements (e.g., Barrag§n-Fonseca, 2018; Cammack & Tomberlin, 2017; 

Chia et al., 2018b; Oonincx et al., 2015). Similar methods could be used to test the 

hypothesis raised in Chapter 2 ð that a protein : fat : digestible carbohydrate ratio of 2 : 

1 : 2 benefits BSFL development. When designing synthetic diets for BSFL, it should be 

noted that dietary ingredients with similar nutritional functions may differ in their 

physical characteristics owing to the differences in the degree of polymerization or pre-

treatment, and that synthetic diets with similar chemical compositions may have different 

textures (Woods et al., 2019). For instance, both sucrose and starch can serve as a sole 

source of digestible carbohydrate, but their differences in water solubility would lead to 

different dietary textures; while albumin is water soluble in its natural form, heating could 

change its molecular structure and reduce its solubility. Therefore, future studies should 

consider both chemical and physical characteristics of dietary ingredients when 

formulating artificial diets for BSFL and interpreting dietary effects on BSFL fitness traits 

(e.g., Woods et al., 2019). 
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сΦнΦн [ƛƎƴƻŎŜƭƭǳƭƻǎŜ ƛƴ .{C[ ŘƛŜǘ 

Lignocellulose is the major component of the plant cell wall, which includes 

hemicellulose, cellulose, and lignin. In Chapter 2, dietary lignocellulosic content was 

found to have an adverse effect on BSFL weight gain. Evidence has shown that BSFL 

cannot consume most of the lignocellulose component in their diet (Wang et al., 2017; 

Zheng et al., 2012), but the underlying mechanism has not been addressed yet.  

The function of BSFL mouthparts is to scrape small particles off the diet surface before 

ingestion (Bruno et al., 2020) or to collect nutrients suspended or dissolved in liquid 

(Popa & Green, 2012). Therefore, suitable BSFL diets or diet ingredients could be either 

solids that are tender enough for BSFL to mechanically break down (e.g., animal manure 

and fish offal), or liquid (e.g., leachate and expired milk), or their mixture (e.g., abattoir 

waste) (Lalander et al., 2019; Popa & Green, 2012; St-Hilaire et al., 2007). My research 

used broll (a mixture of wheat bran and wheat flour) as a standard BSFL diet for colony 

maintenance. BSFL were able to consume wheat flour but left most of the lignocellulosic 

component in wheat bran unconsumed (Figure 6.2), indicating that the lignocellulose 

component is hard for BSFL to break down with their mouthparts. 
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Figure 6.2 Broll (a mixture of wheat bran and wheat flour), before (A) and after (B) 

consumption by larvae of the black soldier fly, Hermetia illucens. The white particles in 

(A) are wheat flour, and the yellow flakes are wheat bran. The substrate in (B) mainly 

consists of larval excreta and the uningested lignocellulosic component of wheat bran. 

Images by Z. Liu, 2019; CC BY-NC. 

 

Although most of the lignocellulose component is retained in spent BSFL diets, some 

hemicellulose and cellulose can still be degraded during BSFL consumption (Wang et al., 

2017; Zheng et al., 2012). Understanding whether or to what extent hemicellulose and 

cellulose may be used by BSFL as nutrient sources would help to better define what 

constitutes digestible carbohydrate for the larvae, which could improve the accuracy of 

diet formulation. Exploration of the ingestibility and digestibility of hemicellulose and 

cellulose could be achieved by analyzing their quantities in original, ingested, 

semidigested, and fully digested diets, in comparison with that of a marker (e.g., titanium 

dioxide). Ingested and semidigested diets could be obtained from the foregut and midgut 

of BSFL, respectively, whereas fully digested diets could be collected from larval hindgut 

or as excreta according to a novel method developed by Gold et al. (2020). Because the 

quantity of the samples collected from larval guts would be very small, the analytical 

techniques described in Chapter 2 are not feasible. It may be better to use instrumental 
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analytical methods such as near-infrared and Fourier-transform infrared spectroscopy 

(Abidi et al., 2014; Ai et al., 2022), which do not require large quantities of samples. 

Although it is difficult for BSFL to consume lignocellulose, dietary inclusion of 

lignocellulose is not always detrimental to BSFL growth. For example, lignocellulose in 

BSFL diets can bind to lipids, reducing diet stickiness and allowing larval movements 

(Woods et al., 2019). Lignocellulose also ñconnectsò dietary ingredients that otherwise 

are not inter-soluble, such as water- and lipid-soluble vitamins, thereby improving the 

consistency of the diet (Cohen, 2015). 

 

сΦнΦо 5ƛŜǘŀǊȅ ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘ 

Moisture content is a critical factor in BSFL diet and should be neither too low nor too 

high. Diets with unsuitably low moisture content may form crust or clumps at the surface 

(Bekker et al., 2021), which are hard for BSFL to break down with their mouthparts, 

reducing nutrient accessibility for the larvae. Cammack and Tomberlin (2017) reported 

that when dietary moisture content is reduced from 70% to 50%, the amount of diet 

required for BSFL development could double due to poor ingestion rates. In addition, diet 

serves as a substrate which BSFL inhabit. Thus, diets that are too dry may become 

dehydrating environments to the larvae, which impedes their growth and survival. Studies 

on different diet types have revealed that dietary moisture content below 60% is 

unfavorable for BSFL (Bekker et al., 2021; Cammack & Tomberlin, 2017; Chen et al., 

2019; Dzepe et al., 2020a; Palma et al., 2018).  

On the other hand, if dietary moisture content is too high, a liquid phase may form above 
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the solids; if the liquid phase is too thick, BSFL will float on the surface with no access 

to the solids ï the primary nutrient source (Bekker et al., 2021; Chen et al., 2019). 

Because water holding capacity is different among substances, the optimum dietary 

moisture content is not universal and should be determined separately for each type of 

diet. For instance, when fed to BSFL, the optimum moisture content for almond by-

products is 66%, whereas that for pig manure is 75% (Chen et al., 2019; Palma et al., 

2018). According to Bekker et al. (2021), who used chicken feed as BSFL diet, the 

optimum moisture content seems achieved when the diet almost reached its water holding 

capacity (i.e., cannot absorb more water). Although not mentioned before, the diets tested 

in Chapter 2 were almost reaching their water holding capacities, and they were at 

different moisture levels due to their varying water holding capacities. 

Dietary moisture content is affected by the ambient relative humidity if water is not 

replenished. In Chapter 2, the ambient relative humidity was 40 Ñ 10%. In this dry 

environment, diets dried faster than would be expected in more humid environments, 

leading to lower waste reduction than in previous studies (e.g., Diener et al., 2009; Myers 

et al., 2008). In future studies and in practice, if BSFL are reared in dry environments, it 

is suggested that water should be replenished daily based on the water loss rate (e.g., 

Bekker et al., 2021). Since diet dehydration normally starts from its surface (e.g., Bekker 

et al., 2021), misting water on diet surface may be a better way of water replenishment 

than pouring liquid water into the diet. However, keeping dietary moisture content high 

would make it difficult to separate larvae from the spent diet by sieving (Cheng et al., 

2017). Therefore, if sieving is used to separate larvae from spent diet, water replenishment 

should be gradually reduced and eventually ceased towards the time of harvest; if relative 

humidity is high, increasing aeration of the larval rearing space would be necessary to 

carry moisture away (Cheng et al., 2017). 
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6.3 Optimization of BSF pupation substrate 

It is a common behavior among terrestrial brachycerans to stay in pupation substrates 

during metamorphosis, as has been observed in Chrysomya megacephala (Fabricius) 

(Diptera: Calliphoridae), Cochliomyia macellaria (Fabricius) (Diptera: Calliphoridae) 

(Godoy et al., 1995), Protopiophila litigate (Bonduriansky) (Diptera: Piophilidae) 

(Bonduriansky, 1995), and Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) 

(Ballman et al., 2017), and BSF is no exception (Barros et al., 2019; Sheppard et al., 

1994). Insects benefit from this behavior by reducing risks of predation, parasitism, and 

dehydration (Hodgson et al., 1998; Okuyama, 2019; Wen et al., 2017). In a well-managed 

BSF rearing facility, although predation and parasitism on BSF pupae are not likely to 

happen, providing suitable pupation substrates to BSF prepupae can improve pupation 

rate and reduce prepupal duration (Dzepe et al., 2020b; Holmes et al., 2013). As pupation 

rate increases, fewer resources are needed to produce prepupae for colony maintenance, 

and more can be used for larval biomass production. Shorter prepupal periods could lead 

to less stored energy wasted during the wandering stage and more allocated to adult 

fitness (e.g., longevity and reproduction) (Holmes et al., 2013), and thus may further 

reduce the number of prepupae required for colony maintenance. Therefore, using 

suitable pupation substrates can improve the performance of the bioconversion system. 

So far, several types of substrates have been tested for their suitability to support BSF 

pupation, including sand, topsoil, potting soil, vermiculite, wood shavings, wood chips, 

and wheat bran (Dzepe et al., 2020b; Holmes et al., 2013). According to Dzepe et al. 

(2020b), Holmes et al. (2013) and my results (Chapter 3), potting soil, vermiculite, wood 

shavings, and wood chips can be all considered as potentially suitable substrates for BSF 

pupation. While topsoil may become a suitable BSF pupation substrate after adjusting its 
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moisture content, sand and wheat bran are not likely to improve BSF pupation based on 

my hypothesis ï that pupation substrates assist BSF pupation by reducing surrounding 

disturbance (e.g., vibration) and providing thigmotactic stimuli (i.e., physical pressure). 

Wet wheat bran is soft and can absorb vibration, but it probably will not offer sufficient 

thigmotactic stimuli due to its low density. Sand, on the other hand, is dense enough to 

give sufficient pressure to BSF prepupae, but its texture is too rigid to absorb vibration. 

Nevertheless, this hypothesis still needs verification.  

Probably because of its origin and evolutionary history in humid Latin America (Guilliet 

et al., 2021), BSF is susceptible to dry environments (Holmes et al., 2012). In Chapter 3, 

BSF pupae provided with pupation substrates at higher moisture levels had lower 

mortality rates and higher pupation rates, which indicates the importance of regulating 

moisture in BSF pupation substrate. On the other hand, very high moisture content affects 

oxygen availability in pupation substrates, and adding too much water to pupation 

substrates would create an oxygen-depleting environment for insects. In Chapter 3, 

although BSF prepupae started to avoid burrowing deeper when moisture content 

exceeded 20% and 70% for vermiculite and wood chips, respectively, higher moisture 

content in these substrates did not show detrimental effects on prepupal survival or 

pupation rate. This may be because of the low pupation density (fifty prepupae per 390-

ml cup) used in the experiment, where most (if not all) prepupae could inhabit depths 

with sufficient oxygen. At higher pupation densities, more individuals would be forced 

to move to deeper levels, in which case increased mortality or delayed pupation may be 

caused by excessive moisture content. In this regard, it is necessary to evaluate the effects 

of substrate moisture content on BSF pupation at different pupation densities. 
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6.4 Optimization of visual environment for BSF mating 

Studies have shown that BSF mating requires bright sunlight or artificial light with a 

special spectrum (Oonincx et al., 2016; Tingle et al., 1975; Tomberlin & Sheppard, 2002). 

Since strong sunlight is not always available, developing artificial lights suitable for BSF 

mating is necessary to ensure a stable year-round supply of neonatal larvae for organic 

waste management. Among all the artificial lights that have been tested (e.g., halogen, 

fluorescent, light-emitting diode), combining different light-emitting diode (LED) chips 

seems the easiest way to achieve the optimal spectral recipe (Heussler et al., 2018; 

Oonincx et al., 2016). Moreover, since LED lights can be powered by direct current (DC), 

possible detrimental effects of light flickering on BSF mating can be avoided (Chapter 

4). 

Even though the BSFLED light the best result in supporting BSF mating among the light 

sources tested in Chapter 4 had, there are still several aspects where the design and the 

use of the light can be improved.  

First of all, although the spectrum of BSFLED peaked at wavelengths to which BSF 

photoreceptors are most sensitive (Oonincx et al., 2016), the irradiance ratio between the 

three key wavebands (ultraviolet/UV: 300ï400, blue: 400ï500, and long-wavelength: 

500ï650 nm) may not be optimal. The irradiance ratio UV : blue : long-wavelength for 

sunlight is 1 : 9.3 : 16.7, whereas that for BSFLED it is 1 : 16.2 : 16.3. Since BSF has 

evolved to adapt to sunlight, the blue irradiance emitted from BSFLED may be excessive, 

and thus may represent a waste of energy in a BSF production system. Kl¿ber et al. (2020) 

found that artificial lights with warmer color temperatures are more favorable for BSF 

mating, with 3000K (also known as warm white) being the best among all the color 

temperatures tested. Therefore, having a high proportion of blue radiation from artificial 
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light for BSF mating may be unnecessary; efforts are still needed to explore energy-saving 

and effective artificial light spectrum for BSF mating. 

Secondly, Heussler et al. (2018) reported that BSF can reproduce under an LED light 

with a spectrum ranging from 400ï750 nm, which indicates that UV may not be necessary 

for the optimal BSF mating environment. The UV radiation emitted from BSFLED 

ranged between 350ï400 nm and peaked at 357 nm, and is therefore within the range of 

UVA (315ï400 nm) (Sinha & Hªder, 2002). UVA can induce the generation of reactive 

oxygen species in cells, which can cause oxidative stress to insects, or cause malfunction 

of antioxidant enzymes; these effects can lead to reduced adult longevity and fecundity, 

and reduced fitness of the F1 generation (Ali et al., 2016, 2017; Cui et al., 2021; Khan et 

al., 2021; Meng et al., 2009; Sinha & Hªder, 2002; Tariq et al., 2015; Zhang et al., 2011). 

Therefore, further research is needed to verify the role that UVA radiation plays in BSF 

mating and its possible harmful effects to the BSF adults; if UVA radiation is 

unnecessary, it should be avoided. 

Third, light intensity decreases in proportion to the square of the distance from the light 

source (Brownson, 2014). Since BSF mating requires bright light, the radiation of 

artificial light should increase as BSF breeding enclosure (e.g., cage or room) gets larger 

to ensure sufficient irradiance received by the adults at the farthest corner (Schneider, 

2020). On the other hand, Schneider (2020) reported that the effect of light intensity on 

BSF mating follows a logarithm function, and thus it is unnecessary to have too intense 

radiation. According to Schneider (2020), when using a white LED light to support BSF 

mating, the irradiance received by the adults should be at least 0.92 WĀm2, but it does not 

need to exceed 157 WĀm2. Nevertheless, this range may not suit other light sources due 

to spectral differences. Hence, replication of the work by Schneider (2020) is necessary 
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after the optimal light spectrum for BSF mating is confirmed. 

Another factor that needs to be considered is the background reflection of the breeding 

enclosure. For instance, increasing the reflectance of the walls of BSF breeding enclosure 

would reduce the radiation needed from artificial light (Schneider, 2020), thereby 

reducing energy consumed by the facility. In addition, the contrast between background 

and insects also affects their mating. In Lispe cana Walker (Diptera: Muscidae), males 

prefer to display themselves against backgrounds that contrast highly with their own 

colors, which increases female attention and leads to higher mating success (White et al., 

2020). In Asterocampa leilia Edwards (Lepidoptera: Nymphalidae), males tend to perch 

where they are more likely to detect their potential mates, and they are more likely to take 

off from their perching sites when potential mates in flight have higher contrast against 

the background (Bergman et al., 2015). Since BSF also use visual cues to detect potential 

mates (Giunti et al., 2018), increasing the contrast between BSF adults and their 

backgrounds may improve mating success; this is something that could be investigated. 

Finally, if artificial light is the sole light source to support BSF mating, photoperiod would 

determine both power consumption used for lighting and the time window during which 

BSF mating could happen. A shorter artificial photoperiod means less power 

consumption, but it also means less chance for BSF adults to mate. When BSF adult 

density is low (e.g., less than 800 individuals per cubic meter), a photoperiod of 8 h is 

enough for BSF adults to mate (Julita et al., 2020; Zhang et al., 2010; Chapter 5). 

However, when BSF adult density is high (e.g., more than 2000 individuals per cubic 

meter), prolonging photoperiod could increase BSF adult longevity and female fecundity 

(Hoc et al., 2019; Chapter 5). Since high adult density benefits the production of neonatal 

larvae within a given breeding space, photoperiods of longer than 8 h would be needed in 
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practice, and the trade-off between neonate production and power consumption would 

need to be considered. 

 

6.5 Evaluating the effects of environmental factors on the entire 

BSF life history 

So far, optimization of BSF rearing environment has been discussed for each life stage 

separately. However, an environmental factor that has been optimized for one life stage 

may not be optimal for some other life stages of the same insect. For instance, the ratio 

between digestible carbohydrate and protein in BSF larval diet optimal for larval survival 

is not the ratio optimal for adult longevity or female fecundity (Barragan-Fonseca et al., 

2021). In another example, 35oC is the optimal temperature for BSF larval growth when 

feeding on brewerôs waste, but the same temperature is too hot for pupal development 

(Chia et al., 2018a). Therefore, the  effects of environmental factors on BSF fitness should 

not only be examined for a specific life stage, but also over the entire life history of the 

insect. 

Life tables, which record important life history parameters such as age, survival rate, and 

the number of progeny (Portilla et al., 2014), are a valuable tool for an overall evaluation 

of the impact of an environmental factor on the entire BSF life history. With life tables 

constructed, the intrinsic rate of increase can be calculated, which simultaneously 

evaluates multiple life history parameters across different life stages, including 

development period, immature survivorship, adult longevity, and fecundity (Portilla et 

al., 2014). With this tool, the optimal content of digestible carbohydrate and protein in 

BSF larval diet are estimated to be 60% and 15%, respectively (Barragan-Fonseca et al., 
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2021). Similarly, if only one temperature could be selected over an entire bioconversion 

system, the BSF population would need to be maintained at 30oC to achieve the highest 

intrinsic rate of increase (Chia et al., 2018a). 

 

6.6 Maintaining a genetically healthy BSF colony 

The phenotypic performance of a BSF colony depends on both the environment and its 

genetic quality (e.g., genotype and genetic diversity) (Rhode et al., 2020; Zhou et al., 

2013; Chapter 4). In an artificially managed BSF colony, mating among close relatives is 

inevitable, which could result in obvious inbreeding depression when a population is 

founded by a small number of individuals or has been kept for a long time without 

outcrossing (Eriksson & Picard, 2021). In my research, there was evidence that 

inbreeding depression may be acting to reduce mating success in a small BSF colony, 

where two thousand prepupae were used to breed neonatal larvae at each generation 

(Chapter 4), and in a bigger colony, where hundreds of thousands of prepupae were used 

for breeding each generation yet with no outcrossing for 3 yr (Chapter 5). In a recent 

study by Rhode et al. (2020), where the census population size (i.e., number of adults 

used for breeding) of a BSF colony was below 4000, the colony collapsed in a short time 

due to the failure of adult eclosion at the end of the fourth generation. Based on the results 

of their genetic analysis, Rhode et al. (2020) suggested that the colony collapse was most 

likely due to inbreeding depression.  

Generally, to avoid inbreeding, a captive BSF colony should be started with a large 

number of founders, preferably from multiple genetically distant groups, and the colony 

should be maintained with a large effective population size at each generation with regular 
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outcrossing (Eriksson & Picard, 2021). Nevertheless, outcrossing a captive BSF colony 

with random wildtypes may result in outbreeding depression through introduction of 

deleterious alleles or genotypes which are less compatible with the rearing environment 

and/or less productive. Therefore, it may be less risky and more desirable to separate a 

stabilized stock colony into several genetic lines and cross them regularly (Eriksson & 

Picard, 2021; Peng et al., 2015). Detailed methods of establishing and managing 

genetically healthy BSF colonies warrant future studies.  

 

6.7 Summary of recommendations 

сΦтΦм wŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ŦƻǊ ǇǊŀŎǘƛŎŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎ 

Brewerôs waste is a suitable diet for BSFL and can be mixed with wastes rich in 

carbohydrates (such as expired bread or cookies) to improve the chemical composition of 

BSFL diet. Lignocellulolytic bacteria or enzymes could be added to BSFL diet to increase 

the digestibility of the lignocellulosic component. 

BSFL diet should not be too dry or too wet. Dietary moisture content (calculated as water 

/ diet wet weight) should not be below 60%, and the optimal moisture level seems to be 

when the diet reaches its water holding capacity. Misting water onto the diet surface could 

help to maintain dietary moisture content during larval growth. If larvae are separated 

from the spent diet by sieving, it would be necessary to reduce dietary moisture content 

towards larval harvest.  

Potting soil, vermiculite, wood shavings, or wood chips can be used as a pupation 

substrate for BSF to improve prepupal survival and reduce prepupal duration. With the 
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substrate depth and pupation density used in Chapter 3, the recommended moisture 

content (calculated as water / substrate dry weight) is 150% for vermiculite or wood chips. 

For higher pupation densities, it may be necessary to reduce moisture content. 

To ensure a stable year-round supply of neonatal BSFL, artificial lights could be used to 

facilitate BSF mating indoors or to supplement sunlight in glasshouses. DC-powered LED 

lamps with spectra similar to BSFLED (see Chapter 4) are recommended, although efforts 

are still needed to optimize artificial light spectrum for BSF mating. Increasing 

background reflection of BSF breeding enclosure may enhance light intensity, which is 

beneficial for BSF mating. Replication of the work by Schneider (2020) is necessary to 

determine the maximum size of BSF breeding space illuminated by the artificial light. A 

photoperiod of 8 h is sufficient when BSF adult density is low (e.g., less than 800 

individuals per cubic meter), but longer photoperiods may be needed for higher adult 

densities. 

Life tables are a valuable tool to record important life history parameters of BSF, based 

on which the intrinsic rate of increase can be calculated to monitor colony fitness or 

examine the effects of optimization measures (e.g., changing diet composition or 

changing artificial light spectrum) on the entire BSF life history. 

To avoid inbreeding depression in a captive BSF colony, a large number of founders 

originating from genetically distinct groups should be used to initiate the colony, and the 

effective population size of the colony should be kept as high as possible. Measures to 

maintain genetic diversity (e.g., outcrossing) should be performed regularly. 
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сΦтΦн wŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ŦƻǊ ŦǳǘǳǊŜ ǊŜǎŜŀǊŎƘ 

Semi- and fully-synthetic diets are recommended for investigating BSFL nutritional 

requirements and the effects of the chemical composition of larval diet on BSF fitness at 

different life stages. In order to improve the accuracy of diet formulation, it is crucial to 

understand the ingestibility and digestibility of hemicellulose and cellulose by BSFL. 

Moreover, the physical characteristics of dietary ingredients should also be considered 

when formulating BSF larval diets or interpreting dietary effects on BSFL fitness traits. 

In Chapter 3, we tried to analyze the underlying mechanisms of improving BSF pupation 

with suitable substrates from three aspects: (1) avoiding desiccation, (2) reducing 

surrounding disturbance, and (3) providing thigmotactic stimuli. The first mechanism has 

been revealed by our study, whereas the other two warrant further investigation. A better 

understanding of these (possible) mechanisms will help develop novel methods to assist 

BSF pupation, where pupation substrates might not be necessary. 

The visual environment for BSF mating should be further optimized by understanding the 

roles that different wavebands play in BSF mate recognition, especially for the UV (300ï

400 nm) and blue (400ï500 nm) wavebands. In addition, it would be interesting to 

investigate the effects of background reflection and color on BSF mating. 

Establishing and maintaining genetically healthy BSF colonies is vital to the consistent 

and effective production of neonates that are used for organic waste bioconversion. 

Efforts are needed to develop detailed protocols to avoid both inbreeding and outbreeding 

depression and assist the management of BSF brood stocks with genetic tools (e.g., DNA 

markers). 
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6.8 Conclusion 

Bioconversion of organic waste fulfils sustainable development targets of enhancing food 

security and reducing environmental impacts. The improvement of bioconversion 

systems employing BSFL relies on optimizing the rearing environment for this species. 

This thesis provides knowledge and insights that can be used to optimize larval diet, 

pupation substrate and its moisture content, and adult mating environment for BSF. 

Studying the effects of an environmental factor on a single life stage of BSF has helped 

to improve our understanding of the underlying mechanisms, whereas in order to improve 

the fitness of a mass-reared population, it is necessary to view environmental impacts 

across the entire life history of BSF. 
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