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Summary 

Good quality protein sources, which are economically and ecologically sustainable are scarce. Insects 

are proposed as a sustainable, high-quality protein alternative. Hermetia illucens larvae have attracted much 

attention due to their ability to convert organic waste matter into high-quality protein. The availability and 

production of this high-quality protein may be increased by improving the H. illucens industry through 

segregation. It is proposed that the industry segregates into separate sectors, imitating the poultry industry 

that consists of pre-mix suppliers, feed suppliers, primary breeders, fertilized egg producers, table egg 

producers, hatcheries, grow-out farms, abattoirs, product processing plants and packers. This reduces the 

required investment to enter the market, allowing smaller companies to enter into the field. The establishment 

of such a production chain requires the transport of H. illucens, at different live stages, between the sectors. 

The question then arises: what are the optimal environmental conditions in which neonate H. illucens larvae 

can be successfully preserved, for long-distance transportation?  

Published data regarding the preservation of neonate H. illucens larvae were limited, as the focus of 

many appeared to be on the preservation of post-harvest insects. This study emphasized the effect that 

different environmental factors, and the combination thereof, had on the survival of neonate H. illucens larvae. 

The preservation mixture used provided the neonate larvae with the essential components required for 

survival. Two trials were conducted to establish neonate larval survival at different preservation durations, as 

well the optimal combination of preservation container size, preservation mixture weight, preservation mixture 

moisture, larval density and environmental temperature.  

The focus of the first trial was the determination of the optimal preservation duration and optimal 

preservation mixture moisture. Neonate H. illucens larvae were dispersed in groups of fifty and placed in 20 

mL polytops, containing 5.017±0.012 g (wet basis) preservation mixture, and sealed for their respective 

preservation durations (zero to four-days). Subsequently, the larvae were transferred onto their respective 

50.023±0.013 g (wet basis) nursery substrates in 100 mL polytops (altered to ensure ventilation) for four-days 

before being harvested. Harvested larvae were counted and weighed to determine survival and the effect of 

preservation on the weight of four-day old larvae (4DOL). Based on the results, it was concluded that preserved 

neonate larvae subjected to 40% and 50% preservation mixture moisture, had a significant increase in survival 

and 4DOL weight, regardless of the preservation duration.  

The second trial was a five-factor central composite design, with a regression profile for predicted 

values, to establish the optimal combination of environmental factor levels for neonate survival. The procedure, 

as well as substrate formulations were repeated from the previous trial. The four-day preservation phase was 

followed by a four-day nursery phase. Samples were taken from each run at harvest, and the larvae counted 

and weighed. A significant interaction between environmental temperature and preservation mixture moisture 

was observed. The optimal larval survival was achieved using a preservation mixture moisture level of 44%, 

confirming the findings of the previous trial. It was theorised that neonate H. illucens larvae enter a state of 

“diapause” with minimal growth, when exposed to lower levels of moisture. Extreme environmental 

temperatures and increased larval density negatively influenced survival. The transportation of 0.1 g of neonate 

H. illucens larvae in a 30 mL polytop with 15.04 g of preservation mixture at 44% moisture in 14.4 °C, allowed 
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for the successful transport of approximately 61% of the neonate larvae, and was the optimal combination of 

the factor levels tested.  

To summarise the thesis; the preservation of neonate H. illucens larvae was possible with regard to 

survival when the correct environmental conditions were applied. Lower larval densities combined with larger 

quantities of preservation mixture resulted in higher neonate survival.  Higher neonate survival was also 

achieved with shorter preservation durations. To conclude, the survival of neonate H. illucens during long-

distance transportation indicated that it was indeed possible to segregate the H. illucens industry, providing a 

potential for smaller companies to engage, thereby increasing the availability of this high-quality protein.  
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Opsomming 

Bekostigbare proteïen bronne van goeie gehalte, wat ook volhoubaar is, is skaars. Insekte is ‘n 

alternatiewe, kwaliteit proteïen wat volhoubaar is. Hermetia illucens larwes is beroemd vir hul vermoë om 

organiese afval in hoë kwaliteit proteïene te omskep. Die segregasie van die H. illucens-bedryf mag die 

beskikbaarheid en produksie van hierdie hoë gehalte proteïenbron bevorder. 

Hierdie segregasie sal die bedryf, dus die produksieketting, in afsonderlike sektore verdeel. Die 

verdeling sal die pluimveebedryf naboots wat uit, byvoerverskaffers, voerverskaffers, primêre telers, tafel-

eierprodusente, broeiplase, uitgroeiplase, slagpale en produkverwerkingsaanlegte en -verpakkers bestaan. 

Dit stel kleiner maatskappye in staat om die bedryf te betree, omdat die vereiste belegging kleiner is per sektor, 

as vir die produksieketting as ‘n geheel. Hierdie segregasie vereis die vervoer van H. illucens (op verskillende 

lewensstadiums) tussen die afsonderlike sektore. Dit lei tot die vraag: Wat is die optimale omgewingstoestande 

waarin pas uitgebroeide H. illucens larwes suksesvol bewaar kan word vir langafstandvervoer? 

Gepubliseerde data rakende die bewaring van pas uitgebroeide H. illucens-larwes is beperk, aangesien 

die bewaring van na-oes insekte die fokus van baie was. Hierdie studie het die effek wat verskillende 

omgewingsfaktore, en die kombinasie daarvan, op die oorlewing van pas uitgebroeide H. illucens larwes 

ondersoek. Die preserveringsmengsel het al die nodige oorlewingskomponente aan die pas uitgebroeide 

larwes voorsien. Larwe-oorlewing by verskillende bewaringstydperke, asook die optimale kombinasie van 

houergrootte, mengselgewig, larwepopulasie, omgewingstemperatuur en voginhoud van die 

bewaringsmengsel was bepaal deur twee proewe. 

Die fokus van die eerste proef was die bepaling van die optimale bewaringsduur en die voginhoud van 

die bewaringsmengsel. Pas uitgebroeide H. illucens larwes was in groepe van vyftig in 20 mL pilhouertjies 

verdeel, wat 5.017±0.012 g (nat basis) preserveringsmengsel bevat het. Die verseëlde houertjies was dan vir 

hul onderskeidelike tydperke geberg. Daarna is die larwes vir vier dae op 50.023±0.013 g (nat basis) substraat 

in 100 mL pilhouertjies gestoor vir hul eerste groeifase en daarna geoes. Geoesde larwes is getel en geweeg 

om die oorlewing en die effek van preservering op die gewig van die vier-dagoue larwes (4DOL) te bepaal. 

Ongeag die bewaringsduur, het die resultate daarop gedui dat die gepreserveerde pas uitgebroeide larwes 

wat aan ‘n preserveringsmengsel met ‘n voginhoud van 40% en 50% blootgestel was, 'n beduidende 

verhoogde oorlewingstempo gehad het, asook die gewig van vier-dagoue larwes. 

Die tweede proef was ‘n saamgestelde vyf-faktor ontwerp, met 'n regressie profiel om die optimale 

kombinasie van omgewingsfaktore vir pas uitgebroeide larwes te voorspel. Die prosedure, sowel as 

substraatformulerings was herhaal vanaf die vorige proef. Die bewaringsfase het vir vier dae geduur, asook 

die uitgroeifase. Monsters was uit elke omgewingsfaktor kombinasie geneem en die larwes was getel en 

geweeg. 'n Beduidende interaksie tussen omgewingstemperatuur en preserveringsmengselvog, was 

waargeneem. Die optimale larwe oorlewing was by ‘n preserveringsmengsel voginhoud van 44% bereik en 

bevestig die resultate van die vorige proef. Dit word voorgestel dat pas uitgebroeide H. illucens larwes, wat 

blootgestel was aan lae voginhoudvlakke, deur ‘n stagnante fase gaan met minimale groei. Oorlewing word 

negatief beïnvloed deur uiterste omgewingstemperature en verhoogde larwedigtheid. Die optimale kombinasie 

van faktorvlakke getoets was: 0.1 g pas uitgebroeide H. illucens larwes, in 'n 30 mL pilhouertjie met 15.04 g 

preserveringsmengsel en met ‘n voginhoud van 44% teen 14.4 °C. 
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Die bewaring van pas uitgebroeide H. illucens larwes was moontlik onder die korrekte 

omgewingstoestande. Die hoogste oorlewing was gevind wanneer lae larwedigthede en groter hoeveelhede 

preserveringsmengsel gebruik is. Hoër oorlewing was ook behaal met korter bewaringsduur. Die studie het 

aangedui dat die oorlewing van pas uitgebroeide H. illucens tydens langafstandvervoer wel moontlik is sodat 

die H. illucens industrie verdeel kan word, wat 'n potensiaal bied vir kleiner maatskappye om betrokke te raak 

en sodoende die beskikbaarheid van hierdie hoë gehalte proteïen te verhoog. 
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Chapter 1 1 

Introduction 2 

 The current world population is over 7.5 billion and 10 billion will be reached between 2050 and 2060 3 

(Godfray et al., 2010; United Nations, 2019; Bostock, 2019). This poses a new set of challenges, as an 4 

increased world population is accompanied by a greater demand for livestock products, such as fish, meat, 5 

and dairy (Pingali et al., 2006; Dar & Gowda, 2013; Makkar et al., 2014). In turn, an increase in the demand of 6 

these products requires an increase in livestock feed production, especially high-quality protein. Current 7 

protein sources, such as soyabean meal and fishmeal, often lead to environmental damage and climate 8 

change, threatening planetary boundaries (Godfray et al., 2010; Williams et al., 2013). For instance, the 9 

production of soyabean meal came at the detriment of the Amazon through deforestation (Nepstad et al., 2006; 10 

Gomiero et al., 2011), and fishmeal production caused a decline in biodiversity as result of overexploitation of 11 

marine resources (Delgado et al., 2003; Diana, 2009; Olsen & Hasan, 2012).  12 

Hermetia illucens (black soldier fly) was found to be one of the most promising insects for industrial 13 

protein production (van Huis, 2013) as they readily consume organic matter and reduce waste (Newton et al., 14 

2005; Kim et al., 2011). The increasing world population also resulted in larger amounts of organic waste 15 

(Roberts & De Jager, 2004), as much as 1.3 billion metric tons a year (Petersen & Snapp, 2015). Organic 16 

waste can be divided into high and low risk to animal and human health. According to SAMIRO (South African 17 

Insect Mass Rearing Organisation) (2021) high risk organic waste such as blood and manure, could be cycled 18 

into industrial application as filters, bio-degradable plastics and bio-fuels (Diener et al., 2011; Bastrakov et al., 19 

2015; Charlton et al., 2015; Wang et al., 2017; Kawasaki et al., 2019; Udalova et al., 2019). Other examples 20 

of high-risk organic waste include factory waste in terms of food that has spoiled or is contaminated (Parfitt et 21 

al., 2010) and household waste such as partially eaten foods (Kawasaki et al., 2019). Low risk organic waste, 22 

for example agricultural waste, such as post-harvest losses (Dora et al., 2020) and damaged crops (Camenzuli 23 

et al., 2018; Gulsunoglu et al., 2019; Iqbal et al., 2020), could be cycled back into the food chain, as a high-24 

quality protein source. 25 

Black soldier fly larvae could be used in conjunction with soyabean meal and fishmeal, aiding in the 26 

demand for an economically and ecologically sustainable high-quality protein. Hermetia illucens have the 27 

potential to increase the productivity of protein production, by their efficient use of agricultural resources such 28 

as water and space. Mass produced insects require little to no water and are also more space efficient, as 29 

multi-tier systems could be used (Alexander et al., 2017). Not only is the use of water and area enhanced, but 30 

pathogens, such as Escherichia coli and Salmonella spp. are suppressed (Erickson et al., 2004; Lalander et 31 

al., 2013). Hermetia illucens larvae also supress disease transmitting flies (Bradley & Sheppard, 1984), 32 

reducing the risk of zoonotic diseases (van Huis, 2013).  33 

No longer is this protein source a theory, but a reality with companies such as Entofood Sdn Bhd, who 34 

ran their first pilot farm in 2012 within Malaysia and produced 7 billion eggs and 200 t of larvae biomass up to 35 

2016 (Entofood Sdn Bhd., 2016). BioflyTech’s first industrial plant was established in 2018, located in Spain, 36 

with a 1 000 t annual production (Bioflytech, 2021). In 2019, Protix opened the largest insect mass-production 37 

facility, at 14 000 square meters, within the Netherlands, producing enough feed for more than 5 million salmon 38 
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and hens laying 250 million eggs annually (Koeleman, 2019; Durrell, 2019; Protix, 2021). Roughly 70% of the 1 

insect mass-producing companies, produced a combined total of approximately 232 t of insect meal per day 2 

(Koeleman, 2019). The forecast period between 2019 and 2030 estimated a 33.3% compound annual growth 3 

rate, resulting in a black soldier fly market of $2.57 billion globally (Meticulous Research, 2020).  4 

Pandemics, such as the recent COVID-19 outbreak (coronavirus), has devastated economies, as well 5 

as the insect feed market, in 2019 and 2020 and might still do so in the future. The sudden decrease in 6 

international seafood trade, greatly restricted the animal feed demand, and in turn hindered the growth of the 7 

black soldier fly market. Yet, the long-term effects of the coronavirus on the black soldier fly market remained 8 

unknown (Bombe, 2020). 9 

Many livestock production value chains, consists of an industry that is segregated into several smaller 10 

sectors. For example, the poultry industry consists of several sectors, such as primary breeders, hatcheries, 11 

grow-out farms and processing plants (abattoir) (Ariffin et al., 2012, 2015; Nääs et al., 2015). This segregation 12 

reduced management problems, contamination between sectors, and even increased production productivity 13 

(Malik et al., 2019; Welshans, 2021). The currently integrated black soldier fly industry could grow by 14 

segregating the industry into breeding fly farms, neonate grow-out farms, as well as processing plants 15 

(Dortmans et al., 2017; Pettinger, 2019).  16 

The cost of grow-out units are significantly less than that for breeder units (Green, 2016; Alumbaugh, 17 

2019; Kriel, 2021), increasing the chances of industrial success substantially. Various small companies would 18 

be able to enter the field as result of a lowered required investment, each focusing on one specific area of 19 

production, without divided attention. This will greatly increase the knowledge on all the respective sectors of 20 

the black soldier fly industry, as each counterpart becomes an expert in their field. Segregating the H. illucens 21 

industry could grow the black soldier fly market, as well as increase the availability of this high-quality protein. 22 

However, such a production chain requires the transportation of livestock from one unit to the next.  Many 23 

factors regarding transportation must be considered, depending on the physiological age of the insect, such 24 

as the temperature, moisture, population density, transportation duration and even transportation container 25 

design. Without this knowledge a segregated insect production chain cannot be optimised. 26 

Therefore, the aim of this study was to determine the effect that different environmental factor levels, 27 

and the combination thereof, had on the survival of neonate H. illucens larvae, including preservation duration, 28 

preservation container size, preservation mixture weight, preservation mixture moisture, larval mass, and 29 

environmental temperature.  30 
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Chapter 2  1 

Literature review  2 

2.1. Introduction 3 

Hermetia illucens (black soldier fly) larvae can be seen as a key to efficient protein production through 4 

their use of agricultural by-products (Veldkamp et al., 2012). Organic by-products from food- and feed 5 

producers can serve as substrate for the larvae, as they are known for nutrient cycling (Sheppard et al., 1994; 6 

Diener et al., 2009, 2011). Their protein production is especially efficient as they have a short generation 7 

interval (35 days to 45 days), allowing for up to eight generations in a  year (Tomberlin et al., 2009; De Smet 8 

et al., 2018; Larouche, 2019; Zhu et al., 2019), and mass production require little to no water and is space 9 

efficient (Alexander et al., 2017; Cockcroft, 2018). Hermetia illucens also suppress pathogens (Erickson et al., 10 

2004; Lalander et al., 2013; Joosten et al., 2020), as well as disease transmitting flies (Bradley & Sheppard, 11 

1984; Khamesipour et al., 2018).  12 

Currently, increased protein production through the use of black soldier fly larvae is a reality with insect 13 

farms on nearly every continent (Galanakis, 2019; Patel, 2019). Within South Africa, black soldier fly farms 14 

can be found in Worcester (Proticycle, 2018), Philippi (Inseco, 2020), Cape town (Maltento, 2020), Sedgefield 15 

(2021, E. Pieterse, elsjep@sun.ac.za) and Elsenburg (Gous, 2021). The production of black soldier fly larvae 16 

is thus well established by many companies. 17 

The annual turnover of the global insect protein market was found to be between $62.55 million (Industry 18 

ARC, 2020) and $319.6 million (Global Industry Analysts, 2021a) in 2020. However, a 22.1% compound annual 19 

growth rate was estimated for the forecast period between 2020 and 2027, resulting in a global black soldier 20 

fly market value of $1.3 billion in 2027 (Global Industry Analysts, 2021a). Yet, for the forecast period between 21 

2019 and 2030, a 33.3% compound annual growth rate was estimated, resulting in $2.57 billion in 2030 22 

(Meticulous Market Research Pvt. Ltd., 2020).  23 

Comparatively, the global insect industry had, on average, a higher predicted compound annual growth 24 

rate, but lower market value compared to other protein sources, such as soyabean meal and fishmeal (Verified 25 

Market Research, 2020; ReportLinker, 2020; Bridge Market Research, 2020; Global Industry Analysts, 2021b). 26 

However, the insect market value is expected to increase attributed to their sustainability (Mordor Intelligence, 27 

2020a; Research Nester, 2020; Grand View Research, 2021) and high protein content (Ahuja & Mamtani, 28 

2020). The demand for insect products has increased, as it caters for those who are allergy restricted and 29 

vegetarian (Market Research Future, 2020). Consumer education is vital, as a lack of awareness, 30 

misconceptions and preconceived notions regarding insect consumption, may hinder market development 31 

(Shahbandeh, 2018; Goldstein Market Intelligence, 2020).  32 

Segregation of the black soldier fly industry may contribute to satisfying the growing demand for high-33 

quality protein (Malik et al., 2019; Welshans, 2021). Many animal production value chains are segregated into 34 

several smaller sectors (Rich et al., 2011; Barua et al., 2021). For example, the poultry industry consists of 35 

pre-mix suppliers, feed suppliers, primary breeders, fertilized egg producers, hatcheries, grow-out farms, 36 

abattoirs and product processing plants (Ariffin et al., 2012, 2015; Khaleda & Murayama, 2013; Nääs et al., 37 
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2015). This segregation reduces management problems, contamination between sectors and could result in 1 

increased production efficiency (Malik et al., 2019; Welshans, 2021). The currently integrated black soldier fly 2 

industry could grow by segregating the industry into breeding fly farms, grow-out farms, as well as processing 3 

plants (Dortmans et al., 2017; Pettinger, 2019). The cost of initiating a grow-out farm is significantly less than 4 

that for a breeder farm (Green, 2016; Alumbaugh, 2019; Kriel, 2021), allowing various small companies to 5 

enter the field (Hess, 2009; Dolan & Humphrey, 2010). Segregation allows each counterpart to direct their 6 

focus on one specific area of production, without having to divide their attention (Flock & Preisinger, 2007). 7 

Thereby, increasing the knowledge on all the respective sectors of the black soldier fly industry. 8 

However, this segregation requires the transport of black soldier flies at different life stages between the 9 

sectors of the black soldier fly value chain. This includes the transportation of neonate black soldier fly larvae 10 

from breeders to several destinations to allow for their grow-out by different producers. The successful 11 

transportation of neonate larvae depends on their environmental conditions. Yet, little research was found on 12 

the preservation of neonate black soldier fly larvae for long distance travel. No literature was found on the ideal 13 

substrate moisture content, environmental temperature, population density, preservation mixture, nor the ideal 14 

packaging that is required for the efficient preservation and long-distance transportation of neonate larvae. 15 

Establishing the interaction between these factors, as well as the most efficient factor level combination, could 16 

assist with the successful transport of neonate larvae and thus enable the segregation of the black soldier fly 17 

industry. This was investigated by reviewing the black soldier fly market, the current research on the 18 

environmental preference of H. illucens larvae and neonate larvae, as well as examining the methods used for 19 

the transportation of insects. 20 

2.2. Hermetia illucens (black soldier fly) 21 

2.2.1. Benefits and economical importance 22 

Black soldier flies are proven to be beneficial within animal production systems. They aid in pest control, 23 

by reducing the Musca domestica (housefly) population by inhabiting their oviposition locations (Bradley & 24 

Sheppard, 1984). The house fly has a lifespan of approximately 30 days, as they are obligated to ingest feed 25 

and thereby, actively spread disease between humans and animals (Sheppard et al., 2002; Khamesipour et 26 

al., 2018). However, black soldier flies do not consume feed within their short adult lifespan (approximately  27 

9 days), instead they live off of energy reserves stored in the body fat of the insect. Thus, they do not act as 28 

vectors of pathogens (Bondari & Sheppard, 1987; Ferrarezi et al., 2016). Erickson et al. (2004) noted that even 29 

during the larval to pre-pupae phase, H. illucens deactivates pathogens, such as Escherichia coli within poultry 30 

manure, but not within bovine and pig manure. However, Liu et al. (2008) reported that black soldier fly larvae 31 

do indeed deactivate E. coli within bovine manure and explains that the larvae to manure ratio is critical for 32 

successful deactivation. Bondari & Sheppard (1987) as well as Lalander et al. (2013) reported that black soldier 33 

fly larvae can also reduce the Salmonella enterica pathogen count within human faecal matter by modifying 34 

the manure microflora (Bondari & Sheppard, 1987), and has been noted to produce antimicrobial peptides in 35 

response to pathogens (Sheppard et al., 1994; Moretta et al., 2020). 36 
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Hermetia illucens is classified as a non pest, because they have no attraction to human habitats or foods 1 

as they prefer manure and decomposing material (Sheppard et al., 1994). Black soldier flies do not bite nor 2 

sting (Bondari & Sheppard, 1987; Sheppard et al., 2002; Kim et al., 2011) and the larvae reclaim what-would-3 

be pollutants and reduce several chemical odours from manure (Bondari & Sheppard, 1987). 4 

Insects naturally recycle nutrients; thus, organic waste is often their principal food (Nyakeri et al., 2019). 5 

Hermetia illucens can reduce nitrogen and phosphorus waste by 75% and manure mass by 50% in poultry 6 

and swine systems (Sheppard et al., 1994; Diener et al., 2009, 2011), while producing biomass that is 7 

approximately 42% protein (dry matter) and 35% fat (dry matter) (Sheppard et al., 1994). Insect composting 8 

requires less land than open microbial composting and is more affordable than anaerobic digestion (Wichuk & 9 

McCartney, 2015; Mohee et al., 2015; Lohri et al., 2017). Insect composting will especially benefit the rural 10 

areas with uncontrolled waste disposal, by reducing their methane emission (Scheinberg et al., 2010; Mertenat 11 

et al., 2019).   12 

2.2.2. Life cycle 13 

Each generation of black soldier flies have five phases in their life cycle: egg, larvae (subdivided into 14 

five instar stages), pre-pupae, pupae and adult (Tomberlin & Sheppard, 2002; Newton et al., 2005; Li et al., 15 

2011; De Smet et al., 2018). Black soldier fly eggs hatch 102 h to 105 h (four days) after ovipositioning (Li et 16 

al., 2011), producing neonate larvae that proceed to move towards substrate to feed (Larouche, 2019). Waste 17 

reduction and bioconversion occurs during the larval phase (10 days to 52 days), which result in high fat and 18 

protein biomass production (Jeon et al., 2011). This is followed by the pre-pupae stage (eight days) 19 

characterised by the cessation of eating with the mouthparts changing into hook like mechanisms allowing the 20 

pre-pupae to migrate to a dry site for pupation (seven to 10 days) (Larouche, 2019). This is ideal for self-21 

collection, especially when larval dispersion paths are restricted (Tomberlin et al., 2009; Diener et al., 2011). 22 

The pre-pupae weigh about 0.2 g at maturity and have a width of 6 mm and a length of 25 mm (Sheppard et 23 

al., 2002). However, their growth rate is greatly influenced by temperature and food availability (Myers et al., 24 

2008). Compared to other fly species (Monzu, 1978; Sheppard et al., 2002; Hasan et al., 2018) the adult phase 25 

of black soldier flies is relatively short (eight to nine days) (Larouche, 2019). Two to eight days after the onset 26 

of the adult phase, mating can occur (Larouche, 2019). Two days after mating female H. illucens flies can 27 

produce between 16 mg and 23 mg of eggs, depending on rearing substrate quality and the number of matings 28 

(Tomberlin et al., 2002; Zheng et al., 2013; Hoc et al., 2019; Julita et al., 2020). Thus, with optimal 29 

environmental conditions, eight generations can be produced within a single year, as their entire life cycle can 30 

be completed in 35 days to 45 days (Tomberlin et al., 2009; De Smet et al., 2018; Zhu et al., 2019). 31 

2.2.3. Environmental preference 32 

Black soldier flies are commonly located within warm and tropical regions, such as most of the Western 33 

hemisphere (Callan, 1974; Sheppard et al., 1994; Newton et al., 2005 ). These native Colombians can however 34 

also be found in Asia and Australia, between Samoa and Hawaii (Canary, 2009). As part of the Stratiomyidae 35 

family, black soldier flies prefer marshlands and damp areas which are more suitable for larval development 36 

(Li et al., 2011; Ewusie et al., 2019). 37 
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Most published research regarding the environmental preference of black soldier fly larvae were 1 

conducted on the larval stage and not on neonate larvae. Much published research also focused on the 2 

production of larvae and not the preservation thereof. Various authors have published research on black soldier 3 

fly larvae using different environmental temperatures, ranging from 27.5 °C to 37.5 °C (Tomberlin & Sheppard, 4 

2002; Diener et al., 2011; Parra Paz et al., 2015; Harnden & Tomberlin, 2016; Liland et al., 2017; Barragan-5 

Fonseca, 2018; Gulsunoglu et al., 2019; Isibika et al., 2019; Shumo et al., 2019a; Liu et al., 2019). However, 6 

Chia et al. (2018) observed increased larval inactivity and reduced substrate consumption, followed by death, 7 

when H. illucens larvae were exposed to temperatures above 35 ˚C. The majority of published data states that 8 

optimal larval production is achieved at 30 °C (Li et al., 2011; Parra Paz et al., 2015; Chia et al., 2018).  9 

As neonate larvae are tolerant to a wide array of environmental temperatures (Callan, 1974; Chia et al., 10 

2018), it could be expected that they are able to surpass the temperature range used for larvae growth  11 

(27.5 °C  to 37.5 °C), as mentioned above. Holmes et al. (2016) reported that newly hatched black soldier fly 12 

larvae cannot survive at 16 °C, yet, Chia et al. (2018) established the development threshold of neonate black 13 

soldier fly larvae as between 15 °C and 40 °C, with the optimal survival rate at 30 °C to 35 °C. The variation 14 

in recommended environmental temperature may be explained by the variation in heat produced by the 15 

movement of the larvae itself, as well as the variation in ventilation (Mceachern, 2018). Thus, a change in 16 

population density could change the heat production of the larvae, impacting their optimal recommended 17 

environmental temperature for production (Slone & Gruner, 2007; Mceachern, 2018). For preservation 18 

purposes, a moisture level below the optimal for growth could be used to reduce larval feed consumption 19 

(Cheng et al., 2017; Padmanabha et al., 2020), thereby reducing neonate heat production (Mceachern, 2018). 20 

Excessive heat production should be avoided during long distance transportation, as it may cause high larval 21 

mortality (Chia et al., 2018). 22 

 Little published research was found regarding the substrate moisture preference of neonate black 23 

soldier flies, as most published data remained focused on the later larval stages of H. illucens. Various authors 24 

have published their findings on black soldier fly larvae using different substrate moisture levels, ranging from 25 

55% to 75% (Liland et al., 2017; Howdeshell & Tanaka, 2018; Gulsunoglu et al., 2019; Liu et al., 2019). Cheng 26 

et al. (2017) observed that substrate moisture levels below 65% were too dry for the larvae to consume feed. 27 

The lack of substrate consumption resulted in a decreased larval growth rate (Cheng et al., 2017). Diener et 28 

al. (2011) warned of moisture levels that were too high, 82% to 86%, as this resulted in sticky residue, as seen 29 

when provided municipal organic waste as substrate. The residue traps the larvae, decreasing their ability for 30 

gas exchange, causing death (Diener et al., 2011; Padmanabha et al., 2020). Thus, it was important to note 31 

that the ideal substrate moisture level was dependent upon the substrate’s water holding capacity (Tschirner 32 

& Simon, 2015). Substrates with a weaker water holding capacity, such as fruit by-products compared to 33 

brewers spend grain, resulted in water pooling, as the free water leached out of the substrate (Sarfaraz et al., 34 

2017; Yan et al., 2019; Naibaho & Korzeniowska, 2021). Not only did this free water increase evaporative 35 

cooling (Chen et al., 2021), but in severe cases it may have resulted in drowning (Sheppard et al., 2002; 36 

Lalander et al., 2020). Furthermore, no research was found on the suggested moisture levels for the 37 

preservation of neonate black soldier fly larvae.  38 
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Neonate preservation aims to prolong the larval period by reducing their rate of development. This is 1 

not only influenced by moisture and temperature (as mentioned above), but by population density as well 2 

(Tomberlin & Sheppard, 2002; Popa & Green, 2012; Barragan-Fonseca et al., 2018). Parra Paz et al. (2015), 3 

claimed that the ideal larval population density for black soldier fly larvae was 1.2 larvae per square centimetre, 4 

with a feeding rate of 163 mg/larvae/day. Diener et al. (2011) suggested a population density of 0.86 larvae 5 

per square centimetre, with a feeding rate of 507 mg/larvae/day. This difference may be attributed to variation 6 

in environmental temperature, ventilation, larval density, and nutrient composition of the substrate. Higher 7 

larval densities produce more heat compared to smaller larval densities and nutrient compositions that promote 8 

growth will result in larger larvae also producing more heat than smaller larvae (Mceachern, 2018). Thus, the 9 

recommendation of Parra Paz et al. (2015) may differ from Diener et al. (2011) based on having a cooler 10 

environmental temperature or enhanced ventilation, compensating for heat production. However, within the 11 

industry, the feeding rate recommendation of Diener et al. (2011) was supported by Susento (RF) Pty Ltd at 12 

528 mg/larvae/day according to Pieterse, chief scientific officer of Susento (2021, E. Pieterse, 13 

elsjep@sun.ac.za). It was suggested that the preservation of neonate larvae allows for higher population 14 

densities, as the small size of neonate larvae resulted in lower heat production compared to older and larger 15 

larvae (Mceachern, 2018).  16 

2.3. History and current status of the black soldier fly market 17 

2.3.1. Market development 18 

2.3.1.1. Market size and value  19 

The global insect industry has on average a much higher predicted compound annual growth rate, in 20 

comparison to the soyabean meal and fishmeal markets, as seen in Tables 1, 2 and 3. Between 2020 and 21 

2025, the global soybean meal market was anticipated to have a compound annual growth rate of 5.8% 22 

(Mordor Intelligence, 2020b), whereas the fishmeal market would have 6.5% (Grand View Research, 2019) 23 

and the insect market would have an average of 33.35% (Business Wire, 2020; Market Data Forecast, 2020). 24 

However, a large variation was evident for the compound annual growth rates for the period of 2019 to 2025 25 

within the insect market (Industry ARC, 2019; Petfood Industry, 2019; Grand View Research, 2021). This was 26 

evident by Petfood Industry (2019), predicting double the growth rate compared to other sources (Industry 27 

ARC, 2019; Grand View Research, 2021). This variation may have resulted from the immature stage in which 28 

the insect market finds itself, as the forecasts were based on limited historical data (Fernando, 2021). It is 29 

expected to see a stabilization within these predicted rates as more data is collected and the industry develops. 30 

Comparing the forecast period of 2020 to 2025 with the forecast of 2020 to 2027, the soyabean meal market, 31 

fishmeal market and the insect market remained relatively constant in their average compound annual growth 32 

rates and deviated by less than 1% between forecast periods (Table 1). 33 
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Table 1 Compound annual growth rates (percentage) for the global soyabean meal market value (million USD) 1 

and forecast period (years) 2 

Year 
Market value 
(million USD) Year 

Predicted market 
value (million USD) CAGRa 

Forecast 
period Reference 

    5.8% 2020 - 2025 (Mordor Intelligence, 2020b) 
2020 $230 100 2027 $355 000 5.8% 2020 - 2027 (Global Industry Analysts, 2021b) 

aCAGR - compound annual growth rate  3 

Table 2 Compound annual growth rates (percentage) for the global fishmeal market value (million USD) and 4 

forecast period (years) 5 

Year 
Market value 
(million USD) Year 

Predicted market 
value (million USD) CAGRa 

Forecast 
period Reference 

2019 $8 870 2027 $15 800 8.8% 2020 - 2027 (Reports and Data, 2020) 
  2025 $10 320 6.5% 2020 - 2025 (Grand View Research, 2019) 
    7.1% 2020 - 2027 (openPR, 2020) 

2020 $10 400 2027 $17 000 7.0% 2020 - 2027 (ReportLinker, 2020) 
aCAGR - compound annual growth rate  6 

Table 3 Compound annual growth rates (percentage) for the global insect market value (million USD) and 7 

forecast period (years) 8 

Year 
Market value 
(million USD) Year 

Predicted market 
value (million USD) CAGRa 

Forecast 
period Reference 

2018 $410   19.7% 2019 - 2025 (Grand View Research, 2021) 
2018   $63   21.0% 2019 - 2025 (Industry ARC, 2019) 
2019 $144 2025 $1 300 45.0% 2019 - 2025 (Petfood Industry, 2019) 
2019 $138 2027 $2 449 43.0% 2020 - 2027 (Verified Market Research, 2020) 
2020 $110 2025 $1 330 45.7% 2020 - 2025 (Market Data Forecast, 2020) 
2020   $60   21.0% 2020 - 2025 (Business Wire, 2020) 

  2027 $2 068 24.2% 2020 - 2027 (Bridge Market Research, 2020) 
aCAGR - compound annual growth rate  9 

In general, there was variation within the compound annual growth rates forecast by different 10 

researchers. This can be attributed to different models used for prediction. Regardless of different researchers 11 

using different forecasting methods over different periods, there remained a general confidence in the growth 12 

of the global insect industry, as seen in Table 3. Thus, this industry is seen as a good investment opportunity. 13 

However, compound annual growth rates provide no information regarding investment risk, and high growth 14 

opportunities are often accompanied by high risk (Wayman, 2019).  15 

Soyabean meal and fishmeal had, on average, a higher market value compared to the insect market, 16 

as seen in Tables 1 to 3 with soyabean meal having the highest predicted market value for 2027 at $355 billion 17 

(openPR, 2020; Market Data Forecast, 2020; Reports and Data, 2020; ReportLinker, 2020; Bridge Market 18 

Research, 2020; Global Industry Analysts, 2021b). This could be credited to the lack of awareness and 19 

comparatively low production levels of the insect market (Wilkinson et al., 2018; Business Wire, 2020), 20 

accompanied by increasing fishmeal prices (Kristofersson & Anderson, 2006; Olsen & Hasan, 2012). However, 21 

with further growth of the insect market and an increased awareness of insect protein, feed manufacturers 22 

may be driven towards the industry’s ecological nature of avoiding deforestation and decline in aquaculture 23 

biodiversity (Delgado et al., 2003; Nepstad et al., 2006; Diana, 2009; Gomiero et al., 2011; Olsen & Hasan, 24 
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2012). An increased interest in this alternative protein source was seen in 2019 by an increase in production, 1 

where 70% of the mass-producing companies, produced a combined total of 232 t of insect meal per day 2 

(Koeleman, 2019).  3 

2.3.1.2. Factors influencing the market value 4 

The market value of insects can be increased by exploiting their suitability to address malnutrition, due 5 

to their high digestibility and ability to improve gastrointestinal health (Selenius et al., 2018; Grand View 6 

Research, 2021). Their demand was further driven by the growing world population (Godfray et al., 2010; 7 

United Nations, 2019; Bostock, 2019), as they are a source of high-quality protein (Ahuja & Mamtani, 2020; 8 

Mwangi, 2020). In addition, the presence of micronutrients such as magnesium and iron, as well as the 9 

presence of omega-3 fatty acids, increased consumer interest (Market Research Future, 2020; Ahuja & 10 

Mamtani, 2020; Grand View Research, 2021). These micronutrients, accompanied by their competitive cost 11 

compared to other food products were desired (Market Research Future, 2020; Ahuja & Mamtani, 2020; Grand 12 

View Research, 2021), especially for people with egg, milk, and some derived poultry allergies (Market 13 

Research Future, 2020). Insect meals also appeal to vegetarian cat owners as a taurine replacement for meat 14 

and fish-based pet food (McCusker et al., 2014; Market Research Future, 2020). Taurine levels may range 15 

from 0.19 mg/g (dry matter) in H. illucens larvae to 6.42 mg/g (dry matter) in harvester ants (Pogonomyrmex 16 

occidentalis) (McCusker et al., 2014). Their reduced greenhouse gas emission associated with production, as 17 

well as water usage during the production process, further supported the growing insect sector (Mordor 18 

Intelligence, 2020a; Research Nester, 2020; Grand View Research, 2021). 19 

Consumer education was vital, as a lack of awareness, misconceptions and preconceived notions 20 

regarding insect consumption often results in consumer disgust and greatly hindered the development of the 21 

market (Shahbandeh, 2018; Goldstein Market Intelligence, 2020). The insect feed market was also restrained 22 

by pandemics, such as the coronavirus pandemic (COVID-19), devastating the H. illucens market in 2019 and 23 

2020 (Bombe, 2020). It was especially evident by the reduction in global market value, as the compound 24 

annual growth rate was revised from 23.4% to 22.4% for a 7-year period (Global Industry Analysts, 2021a). 25 

Yet, Dr Chrysantus Tanga, the lead researcher on black soldier flies at the International Centre of Insect 26 

Physiology and Ecology, claimed that the black soldier fly market “proved resilient in the face of the pandemic 27 

by not being dependent on fishmeal or soy” (Filou, 2021). 28 

2.3.1.3. Market distribution 29 

Geographically, the black soldier fly market was divided into five major regions namely: Africa,  Asia-30 

Pacific, Europe,  North America, and the Middle East (Research and Markets, 2018). The number of companies 31 

venturing into the insect protein market for animal feed purposes were high in Europe and North America 32 

(Petfood Industry, 2019). Europe accounted for the largest market share in 2016 (Petfood Industry, 2019; 33 

Market Research Future, 2020) with an estimated compound annual growth rate of 21.1% (Market Research 34 

Future, 2020). However, this then shifted to North America with a compound annual growth rate of 25.0% in 35 

2018, followed by the Middle East and Africa with a compound annual growth rate of 20.0% (Petfood Industry, 36 

2019; Grand View Research, 2021). Asia-Pacific regions had the largest insect protein market share in 2020 37 

at 60% (Meticulous Research, 2019; Business Wire, 2020) and were also leading in insect consumption 38 

(Market Research Future, 2020; Mordor Intelligence, 2020a). This region was projected to reach a market 39 
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value of $224 million in 2027, attributed to a compound annual growth rate of 21.5% for the forecast period of 1 

2020 to 2027 (Global Industry Analysts, 2021a). Among other noteworthy markets were Japan and Canada, 2 

forecasted to grow at 20% and 18.6% respectively between 2020 and 2027, whereas  the German market was 3 

predicted to grow at 15.2% (Global Industry Analysts, 2021a). 4 

Enabling the long-distance transportation of neonate insects, could allow different regions to contribute 5 

to the growth of the industry by using each region’s unique advantage. These advantages include breeding 6 

and hatching within regions where labour is less expensive (Gelb et al., 2020) and growing out of larvae within 7 

other regions with more advanced technology (Getzoff, 2020), better suited environmental conditions, or a 8 

higher market demand (Market Research Future, 2020; Mordor Intelligence, 2020a).  9 

2.3.1.4. Insect type 10 

On a product basis, the insect market was further divided into: ants, bees, beetles, caterpillars, flies, 11 

grasshoppers, scale insects, tree bugs, and wasps (Mordor Intelligence, 2020a; Ahuja & Mamtani, 2020). The 12 

most consumed invertebrates, beetles, accounted for 30% of the global revenue share in 2018 (Persistence 13 

Market Research, 2018; Ahuja & Mamtani, 2020; Grand View Research, 2021). This can be attributed to the 14 

difference in taste compared to other insect products, as well as the increasing awareness of the beetle’s 15 

nutritional content (Grand View Research, 2021). Mealworms (the larval form of the mealworm beetle) have a 16 

predicted compound annual growth rate of 24% between 2017 and 2027 (Market Research Future, 2020), and 17 

contain approximately 53% protein (dry matter) (Hopley, 2015; Kim et al., 2016; Market Research Future, 18 

2020). Crickets were believed to attain market dominance due to their complete protein nature, containing 19 

about 57% protein (dry matter) which consists of all nine essential amino acids (Wang et al., 2005; Dolezal et 20 

al., 2008; Market Research Future, 2020). The cricket market was expected to expand at a compound annual 21 

growth rate of 1.8% between 2022 and 2027 (MarketWatch, 2021).  22 

In comparison, black soldier flies have a protein content ranging from 37% to 63% (dry matter) (St-23 

Hilaire et al., 2007; Barragan-Fonseca et al., 2017; Liu et al., 2017; Shumo et al., 2019b), while also being 24 

cheaper, having a shorter life cycle and requiring less space during production (Galt, 2020; Avingstan, 2021). 25 

These high protein values may alter the average consumers’ perception of insect protein and may result in an 26 

increase in market growth under health conscious consumers (Ahuja & Mamtani, 2020).  27 

2.3.1.5. Product type and application 28 

Insect protein can be divided into several product types including full fat, partially defatted, protein 29 

powder, chitin, and oil. In terms of value the whole dried, full fat and partially defatted, insect divisions were 30 

predicted to dominate the insect market between 2020 and 2027, and accounted for over 40% of the insect 31 

protein market in 2018 (Meticulous Research, 2020). This market growth can be attributed to the wide 32 

availability of raw insects, their reduced processing cost, and the availability of processing techniques in 33 

various localities (Meticulous Research, 2020).  34 

The demand for cricket protein powder was high, due to its’ long shelf life (Grand View Research, 2021). 35 

As a result, it was therefore preferred by athletes and sportspersons, especially within low-calorie protein bars 36 

and shakes (Ahuja & Mamtani, 2020; Goldstein Market Intelligence, 2020; Grand View Research, 2021). Their 37 

performance enhancing characteristics, solubility and neutral taste make the product compatible with various 38 

protein bar products. This could contribute to the growth of the insect market. Protein bars are anticipated to 39 
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hold substantial market share, as a result of the growing demand for high quality protein and amino acid 1 

sources. Alternatively, protein rich grasshopper powder meal was used in high quality snacks, such as 2 

chocolate, macarons and chips (Ahuja & Mamtani, 2020).  3 

Chitin, a by-product of insect processing, can be used for biomedical devices, as they are  4 

biodegradable and non-toxic (Daraghmeh et al., 2011). This biodegradable nature of chitin allows for multiple 5 

applications, such as the production of biodegradable plastic (Sanandiya et al., 2020; Setti et al., 2020), as 6 

well as water purification (Berezina, 2016). Another by-product of insect processing, insect oil, was regarded 7 

as a very high-quality product and can be used in broiler diets as a fat substitute (Kim et al., 2020). This greatly 8 

improved the broiler’s feed conversion ratio (Tzompa-Sosa et al., 2019; Kim et al., 2020). The liquid nature of 9 

insect oils was ideal for use in mayonnaise, dressings, and even as a food grade lubricant (Sosa & Fogliano, 10 

2017). Other applications include, pharmaceutical, cosmetics, and bio-diesel (Ishak et al., 2018; Industry ARC, 11 

2019). 12 

2.3.2. Typical insect production chain  13 

Several animal production value chains, such as the poultry industry, are segregated into a number of 14 

smaller sectors (Rich et al., 2011; Barua et al., 2021), such as pre-mix suppliers, feed suppliers, primary 15 

breeders, fertilized egg producers, hatcheries, grow-out farms, abattoirs and product processing plants (Ariffin 16 

et al., 2012, 2015; Khaleda & Murayama, 2013; Nääs et al., 2015). This segregation could increase production 17 

efficiency and reduce management- and contamination problems, between sectors (Malik et al., 2019; 18 

Welshans, 2021). It was suggested that the current integrated black soldier fly industry should be segregated 19 

into breeding fly farms, grow-out farms, feed suppliers and other input suppliers within the primary sector to 20 

allow for further growth of the industry. The secondary sector would include: processing plants and retailers 21 

(Dortmans et al., 2017; Pettinger, 2019). However, it is vital that this industry is balanced and consists of 22 

several secondary sectors supporting the primary sector (Pettinger, 2019). A simplified example of this 23 

potential segregation is depicted in Figure 1. 24 

Figure 1 Representation of a typical black soldier fly larvae production chain  25 

The start-up of an integrated industry requires a considerable investment (Dolan & Humphrey, 2010). 26 

However the cost of grow-out units are significantly less than that for breeder units (Hess, 2009; Dolan & 27 

Humphrey, 2010; Green, 2016; Alumbaugh, 2019; Kriel, 2021). This enables smaller companies to enter into 28 

the field (Hess, 2009; Dolan & Humphrey, 2010). Each company remains focused on their specific area of 29 

production without having to divide their attention (Flock & Preisinger, 2007). This could greatly increase the 30 

knowledge on all the respective sectors of the black soldier fly industry, as each counterpart becomes an 31 

expert in their specific field (Flock & Preisinger, 2007). Segregating the H. illucens industry could grow the 32 

black soldier fly market, as well as increase the availability of this high-quality protein.  33 
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However, this segregation requires the transport of black soldier flies at different life stages between the 1 

sectors of the black soldier fly value chain, including the transportation of neonate black soldier fly larvae from 2 

breeders to several producers. The successful transportation of neonate larvae depends on their 3 

environmental conditions. Yet, little research is published on the preservation of neonate black soldier fly larvae 4 

for long distance transportation. Furthermore, no published research could be found on the ideal substrate 5 

moisture level, environmental temperature, population density, preservation mixture, nor the ideal packaging 6 

that is required for the efficient preservation and long-distance transportation of neonate larvae. Without this 7 

knowledge a segregated black soldier fly larvae production chain cannot be optimised. 8 

2.4. Research requirements to segregate the black soldier fly market 9 

2.4.1. Storage and transport technique 10 

When preserving black soldier fly neonate larvae for long-distance transportation the goal is not 11 

enhanced bioconversion nor increased weight gain. Rather the aim is to establish a “dormant” stage without 12 

impacting the survivability or altering the growth nor the bioconversion ability of the larvae during grow-out. 13 

Published literature on the transportation of neonate black soldier fly larvae is scarce, therefore literature 14 

pertaining to the other life stages, as well as other insect species are also reviewed. 15 

Helinski et al. (2008) transported 50 Anopheles arabiensis pupae for 45 min by car, without any cooling 16 

method, apart from a moistened towel. Across three experiments the mortality during transit never exceeded 17 

6% and the pupae remained competitive and long-lived (Helinski et al., 2008). Tomberlin et al. (2019) placed 18 

fifteen thousand neonate black soldier fly larvae on 200 g of a 70% moisture, probiotic fermented Gainesville 19 

Diet in a 500 mL container. Thereafter, an additional 35 g of dry Gainesville Diet was placed on top of the 20 

larvae, to absorb excess moisture, preventing the neonates from drowning, and providing a dry barrier that 21 

prevented the escape of neonate larvae. The uncovered container was stored for three days at 27 °C and 55% 22 

relative humidity. When preserved larvae were reared, they developed faster and grew larger in comparison 23 

to the control group of four-day old larvae (Tomberlin et al., 2019). These conditions are ideal yet, impractical 24 

for long-distance transportation, as the export of open containers, containing live specimens that are able to 25 

escape, is prohibited (Vulcan Termite, 2015; FAO, 2017). Considering the minute size of neonate H. illucens 26 

larvae (approximately 0.000015 g), sealed containers are required, subsequently providing air restriction and 27 

reduced ventilation. In turn, heat may build up within the container if the neonate larvae are too active 28 

(Mceachern, 2018). Thus, the size of the storage unit may also impact the preservation duration, as the volume 29 

of the storage unit limits the available air and oxygen provided. 30 

2.4.2. Optimal moisture level  31 

Much literature was found on the moisture preference of black soldier flies and how it impacted their 32 

reproduction (Sun et al., 2018; Gao et al., 2019), as well as the substrate moisture requirement for the 33 

production of larvae (Diener et al., 2011; Cheng et al., 2017; Liland et al., 2017; Lalander et al., 2020). It was 34 

found that companies do transfer black soldier flies while they are transitioning from larvae to pre-pupae 35 
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(Future Green Solutions, 2019), however literature pertaining to the moisture requirement of neonate larvae in 1 

transport and preservation is limited. 2 

A substrate moisture level was required that was high enough to prevent dehydration of the neonates 3 

but low enough to prevent feed consumption and heat production. Dortmans et al. (2017) found that substrate 4 

moisture levels between 60% and 90% allow for substrate consumption. Thus, it was assumed that moisture 5 

levels below 60% supresses substrate consumption. The exact moisture level at which substrate consumption 6 

ceases remains unpublished. 7 

2.4.3. Larval density and environmental temperature 8 

Literature regarding the energy balance of insects and how much substrate was converted into heat 9 

through insect metabolism is scarce (Mceachern, 2018). Substrate consumption can be avoided by lowering 10 

the substrate moisture level, and in turn, this will lower the heat production of neonate H. illucens larvae.  11 

There was a significant correlation between the heat production of black soldier fly larvae and the 12 

corresponding age and size of the larvae (Mceachern, 2018). The amount of heat produced from older, larger 13 

larvae was much higher compared to younger, smaller larvae (Mceachern, 2018). Thus, one can conclude that 14 

transporting neonate larvae would result in less heat production compared to the transportation older larvae. 15 

Larger larval densities also produced more heat and could result in increased container temperature during 16 

transit (Slone & Gruner, 2007; Mceachern, 2018). However, as the larvae increased in size, it produced less 17 

heat per gram of body weight and the average amount of this heat produced varies significantly between test 18 

groups of different densities, as well as groups of  the same size and weight (Mceachern, 2018). Therefore, 19 

the amount of heat produced, per individual and per gram (held at a constant population density) was unknown. 20 

The thermal maximum and minimum values for black soldier fly larvae was estimated at 37.2±0.3 °C and 21 

12.3±1.4 °C, respectively (Chia et al., 2018). The exact thermal thresholds for neonate larvae were unknown, 22 

however when exposed to 4 °C for 72 h, there was a significant increase in neonatal mortality (Villazana & 23 

Alyokhin, 2019). 24 

Many insect species were immobilised through chilling when transported, as it reduced the amount of 25 

damage that was caused by the insect’s movement and metabolic heat generation during transit (Culbert, 26 

2020). Insect species can be divided into two groups in terms of their ability to manage chilling: freeze-tolerant 27 

and freeze-avoiding species (Bale & Hayward, 2010; Hakim et al., 2013). Freeze-tolerant species produce ice-28 

forming proteins to enable extracellular freezing, whereas freeze-avoiding species produce antifreeze proteins 29 

(Bale & Hayward, 2010; Hakim et al., 2013). In addition, diapause mechanisms were used by some insects to 30 

endure chilling (Bale & Hayward, 2010), and was evident within most of the Stratiomyidae family (Rozkosny & 31 

Kovac, 1998). Yet, it was not known if diapause occurred in H. illucens (Spranghers et al., 2017).  32 

2.5. Conclusion  33 

The efficiency of black soldier fly larvae protein production may be optimised by segregating the industry 34 

into breeders, growers, and processors, imitating the poultry industry. Thus, insect breeding, growing of the 35 

larvae and the processing of protein meal could be managed as separate fields, by separate companies. This 36 

reduces management problems and may increase production efficiency. Segregation requires the transport of 37 
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neonate larvae from the breeder to various destinations where producers can grow-out the larvae. Little 1 

research was found on the preservation of black soldier fly neonate larvae for long distance transportation.  2 

However, from the current research we can deduct that there is room for publication regarding the 3 

preservation and long-distance travel of neonate black soldier fly larvae Enabling the long-distance travel of 4 

neonate H. illucens, could allow different regions to contribute to the growth of the industry by using each 5 

region’s unique advantage. The global insect industry has a higher predicted compound annual growth rate, 6 

but lower market value compared to other protein sources, such as soyabean meal and fishmeal. However, 7 

with long-distance transportation increasing the growth of the industry, market value may increase.  8 
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basis of rapid fat accumulation by black soldier fly (Hermetia illucens, L.) for development of insectival 1 
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Chapter 3 1 

Hermetia illucens neonate larvae survival at different preservation mixture moisture levels 2 

and preservation durations  3 

Abstract 4 

A trial was conducted to determine the optimum substrate moisture level for the preservation of Hermetia 5 

illucens neonate larvae. For the trial, 50 neonate H. illucens larvae were assigned to each factor level 6 

combination, including preservation duration (zero to four days) and preservation mixture moisture levels (20%, 7 

30%, 40%, 50%, 60% and 70%). A two-way factorial design was established to test possible interactions 8 

between the two factors. The neonate larvae were placed on 5.017±0.012 g (wet basis) preservation mixture, 9 

within a 20 mL polytop and were sealed for their respective preservation durations. Subsequently the polytops 10 

were emptied onto 50.023±0.013 g (wet basis) nursery substrate within their respective 100 mL polytops 11 

(altered to ensure ventilation) for four days. At harvest, the larvae were separated from the residue and counted 12 

to establish survival. The total, as well as 10 individual larvae, were weighed per sample. Dry matter analysis 13 

was also conducted on post-harvest larvae and frass. 14 

The impact of preservation mixture moisture level on the survival and nursery weight of preserved 15 

neonate H. illucens larvae increased with an increase in preservation duration. The preservation of neonate 16 

H. illucens larvae for periods of one day or longer, using 40% and 50% preservation mixture moisture, resulted 17 

in 85% survival. However, for short term preservation durations, such as one day or less, 40%, 50%, 60% or 18 

70% could be used to achieve a similar outcome.  19 

*Keywords: black soldier fly, nursery larval weight, shipping  20 
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3.1. Introduction  1 

The increasing world population has increased the demand for high-quality protein (Godfray et al., 2010; 2 

United Nations, 2019; Bostock, 2019; Byrne, 2021). The utilization of protein sources, such as soyabean meal 3 

and fishmeal, often lead to environmental damage and climate change (Godfray et al., 2010; Williams et al., 4 

2013). However, current research indicated that the high protein content of insects can cater to the protein 5 

demand (Ahuja & Mamtani, 2020; Mwangi, 2020). Their reduced greenhouse gas emission associated with 6 

production, as well as their relatively low water usage during production, further supported the value of insects 7 

and thereby may have contributed to their demand (Mordor Intelligence, 2020; Research Nester, 2020; Grand 8 

View Research, 2021). Black soldier fly larvae were especially sought after, because they were cheaper to 9 

produce compared to Tenebrio molitor (mealworm) (Ong et al., 2018) and Acheta domesticus (house cricket) 10 

(Fernandez-Cassi et al., 2019), as they have a shorter life cycle and required less space during production 11 

(Avingstan, 2021).  12 

The black soldier fly value chain is currently integrated, with most producers catering for all life stages 13 

of the black soldier fly. However, this integrated model required a considerable investment to start-up. This 14 

may be reduced through segregation of the industry, as the cost of grow-out units are significantly less than 15 

that for breeder units (Green, 2016; Alumbaugh, 2019; Kriel, 2021). Many animal production value chains are 16 

segregated into several smaller sectors. For example, the poultry industry consists of pre-mix suppliers, feed 17 

suppliers, primary breeders, fertilized egg producers, hatcheries, grow-out farms, abattoirs and product 18 

processing plants (Ariffin et al., 2012, 2015; Nääs et al., 2015). This segregation reduce management 19 

problems, contamination between sectors and can result in increased production efficiency (Malik et al., 2019; 20 

Welshans, 2021). The current integrated black soldier fly industry can grow by segregating the industry into 21 

breeding fly farms, grow-out farms, as well as processing plants (Dortmans et al., 2017; Pettinger, 2019).  22 

Such a production chain requires the transportation and/or shipping of livestock from one unit to the 23 

next.  Many factors regarding this transportation should be considered, depending on the physiological age of 24 

the insect, such as the environmental temperature, preservation mixture weight, preservation mixture moisture, 25 

population density, transportation duration and even transportation container design. Without this knowledge 26 

a segregated insect production chain could not be optimised. When preserving black soldier fly neonate larvae 27 

for long-distance transportation, the goal is not enhanced bioconversion, increased weight gain or sorting, but 28 

rather establishing a “dormant” stage (Rozkosny & Kovac, 1998), with minimal negative impact on the survival, 29 

growth and bioconversion of the larvae during later stages. Long-distance transportation requires the secure 30 

packaging of insects, as to prevent the escape (Vulcan Termite, 2015; FAO, 2017), injury (Vulcan Termite, 31 

2015; IPIFF, 2021) or mortality (Vulcan Termite, 2015) of insects in transit. However, with consideration of 32 

neonate H. illucens larval size, averaged at approximately 0.000015 g per larvae (Nyakeri et al., 2017), a 33 

sealed container is required. Sealing the container, provides an oxygen restriction which could influence the 34 

survival of the insects. Thus, extensive transportation should be avoided (over four days) (Gous, 2021), in 35 

order to prevent oxygen deprivation and high mortality (Vulcan Termite, 2015).  36 

Ideally, substrate consumption should be avoided as this results in larval movement with subsequent 37 

heat generation and oxygen depletion (Mceachern, 2018). Cheng et al. (2017) confirmed that moisture levels 38 

below 65% were too dry for black soldier fly larvae to consume feed. The lack of substrate consumption, 39 
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resulted in a slowed larval growth rate (Cheng et al., 2017) which served as a guideline for the moisture 1 

contents evaluated in this study.   2 

Therefore, the aims of this study were to:  3 

• Establish the optimum preservation mixture moisture level (20%, 30%, 40%, 50%, 60%, or 70%) 4 

for neonate larval survival.  5 

• Determine the effect of preservation duration (zero to four days) on survival. 6 

• Evaluate the possible interaction between the above-mentioned factor levels.  7 

3.2. Materials and methods 8 

3.2.1. Trial design 9 

A factorial design was used to evaluate the possible interaction between the preservation mixture 10 

moisture level and the preservation duration. The trial was conducted at Mike de Vries building at the 11 

Department of Animal Sciences, Stellenbosch University (33.9316° S, 18.8672° E), situated within the Western 12 

Cape, South Africa. Six replications of each combination of the two independent variables, moisture within the 13 

preservation mixture (20%, 30%, 40%, 50%, 60% and 70%) and preservation duration (zero to four days) were 14 

applied to investigate their possible interaction effect on the survival of neonate H. illucens larvae. This 15 

completely randomised experimental design consisted of 180 runs and 30 unique factor level combinations. 16 

3.2.1.1. Methods for the preservation of neonate H. illucens larvae 17 

One gram of neonate black soldier fly larvae was obtained from BSF Breeding (Pty) Ltd (Mariendahl, 18 

Elsenburg) for preservation within numbered 20 mL plastic polytops. The preservation mixture was prepared 19 

according to the specifications shown in   20 
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Table 4, using a PS 750/C/2 RADWAG scale, accurate to 1 mg. A dry matter test was executed, in 1 

accordance with the Association of Official Analytical Chemists (AOAC) International (AOAC, 2002), Official 2 

Method 934.01. Subsequently, the moisture content of the mixture was brought to 20%, 30%, 40%, 50%, 60% 3 

and 70%. Water was added at 90 °C to achieve the desired preservation mixture moisture. This was done to 4 

allow for optimal water absorption (Liland et al., 2017; Coudron et al., 2019). Each preservation mixture was 5 

placed into 30 polytops at a rate of 5.017±0.012 g (wet basis) per polytop, ensuring sufficient supply. Once the 6 

mixture within each polytop reached a temperature of 30 °C (Dortmans et al., 2017), 50 H. illucens neonates 7 

were placed into each. The neonate larvae were counted on black paper with a magnifying glass and 8 

transferred to each polytop using a small soft paintbrush (Vargas et al., 2018). The polytops were sealed for 9 

their respective preservation durations and stored within plastic containers at room temperature. Preservation 10 

temperatures ranged from 20 °C to 27 °C throughout the course of the experiment, measured using a digital 11 

thermometer.  12 
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Table 4 Ingredients composition (%) of the preservation mixture used to access the survivability of Hermetia 1 

illucens neonate larvae, at different storage duration (Source: 2021, E. Pieterse, elsjep@sun.ac.za) 2 

Ingredient Composition (%) 

Wheaten bran 61.13 
White maizemeal 30.71 
Soya oilcake 46  6.43 
Limestone 1.14 
Fine salt 0.22 
Sodium bicarbonate 0.20 
Vitamin and mineral premix 0.12 
Lysine HCl 0.05 

3.2.1.2. Methods for the nursery phase of neonate H. illucens larvae 3 

The nursery phase for the preserved neonate H. illucens larvae continued zero, one, two, three or four 4 

days after the start of preservation. Nursery feed was prepared according to the specifications of Table 5, 5 

using a PS 750/C/2 RADWAG scale, accurate to 1 mg. Dry matter was determined, in accordance with the 6 

AOAC International (AOAC, 2002), Official Method 934.01. The moisture content of the mixture was brought 7 

to 73%. Water was added to the nursery feed at 90 °C, to allow for optimal water absorption (Liland et al., 8 

2017; Coudron et al., 2019). The substrate was subsequently divided into 180 numbered 100 mL nursery 9 

polytops at a rate of 50.023±0.013 g (wet basis) per polytop. These polytops were provided with a 3 cm 10 

diameter hole, located centre of the polytop lid to ensure adequate ventilation. The hole was covered with a 2 11 

mm sieve secured with hot glue to prevent the escape of larvae (Woods, 2017; Logan et al., 2021). Once the 12 

mixture within each nursery polytop reached a temperature of 30 °C, the contents of one entire preservation 13 

polytop was added to the nursery polytop and the polytop closed. Afterward, the nursery polytops were placed 14 

within plastic containers and stored for a four-day nursery period (Coudron et al., 2019; Grau et al., 2019) at 15 

room temperature. Nursery temperatures ranged from 23 °C to 27 °C, measured using a digital thermometer. 16 

Table 5 Ingredients and composition (%) of the nursery substrate used for Hermetia illucens larvae (four days 17 

old) (Source: 2021, E. Pieterse, elsjep@sun.ac.za; 2021) 18 

Ingredient Composition (%) 

Wheaten bran 81.327 
Fine yellow maize 9.566 
Soya oilcake  7.337 
Sunflower oilcake meal 3.126 
Limestone 1.077 
DL Methionine  0.327 
Fine salt 0.223 
Sodium bicarbonate  0.178 
Vitamin and mineral premix 0.120 
Lysine HCl 0.048 

3.2.1.3. Methods for the harvest of neonate H. illucens larvae  19 

Harvest was done four days after the start of the nursery phase. Each of the 100 mL polytops were 20 

opened and the individual larvae were transferred to a clean polytop using a tweezer or a small soft paintbrush 21 

(Vargas et al., 2018). The polytop number was captured, as well as the exact number of larvae found within 22 

each container. The total number of larvae per sample, as well as 10 randomly selected individual larvae, were 23 
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weighed using a RADWAG, AS 220 R2 scale, accurate to 0.1 mg. Samples of the larvae and residue from 1 

each polytop were frozen at -20 °C for later analysis (Larouche et al., 2019).  2 

3.2.2. Dry matter content  3 

The dry matter content of the larvae, residue and feed samples were determined in accordance with the 4 

AOAC International, Official Method 934.01 (AOAC, 2002). Two homogenous samples of 2 g each were placed 5 

within pre-dried and weighed crucibles to be dried within a Labcon 2029K (9 000W) oven for 24 h. The oven 6 

was set to 100 °C for residue and feed samples and 60 °C for larvae samples. Subsequently the samples were 7 

placed within a desiccator for 30 min and weighed using a RADWAG, AS 220 R2 scale, accurate to 0.1 mg. 8 

The dry matter content of each sample was calculated using Equation 1.  9 

Equation 1 Determination of percentage dry matter within a sample   10 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 dry matter =  100 − ({[
(𝐴1+𝐵1)−𝐶1

𝐵1
] + [

(𝐴2+𝐵2)−𝐶2)

𝐵2
]} ÷ 2 × 100))  11 

A = Empty, moisture free crucible  12 

B = Sample weight  13 

C = Combined moisture free sample and crucible weight  14 

1 or 2 = Sample number  15 

3.2.3. Statistical analysis 16 

Statistical analyses were executed using STATISTICA (data analysis software system), Version 9, by 17 

StatSoft inc. (2010). The residuals of the two-way analysis of variance (ANOVA) were declared as not normally 18 

distributed using the Shapiro-Wilk test, thus the survival of neonate H. illucens larvae was transformed using 19 

the arcsine transformation to achieve normality (Banks et al., 2014; Villazana & Alyokhin, 2019). Homogeneity 20 

of variances was confirmed using the Levene’s test (StatSoft, 2010; Spranghers et al., 2017; Shumo et al., 21 

2019). Significant differences, or the lack thereof, was established using the Bonferroni least significant 22 

difference (LSD) multiple comparison test (StatSoft, 2010), where significance was declared at P≤0.05.  23 
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3.3. Results and discussion 1 

3.3.1. Larval survival 2 

Survival was defined as the degree to which an environment is suitable for living (van Dorst, 2012) and 3 

was expressed as the the ratio between the total number of larvae at the end of the nursery phase and the 4 

number placed, expressed as a percentage. A significant interaction was observed (P<0.01) between 5 

preservation mixture moisture and preservation duration. The impact of preservation mixture moisture level on 6 

neonate survival increased with an increase in preservation duration, as seen in Figure 2. This was evident by 7 

the increase in variation in survival with an increase in preservation duration, as all preservation mixture 8 

moisture levels depicted a survival range of 71±15.30% to 86±5.03% when subjected to a preservation 9 

duration of zero days. Yet when preserved for four consecutive days the range changed, 0% to 82±14.11%. 10 

Figure 2 The percentage survival of Hermetia illucens neonate larvae when exposed to different preservation 11 

durations (days) and preservation mixture moisture levels (%) 12 

There were no significant differences in survivability between preservation mixture moisture levels of 13 

40%, 50%, 60% and 70% for short term preservation durations, such as one day or less. For a preservation 14 

duration of zero days no significant difference was found between any of the preservation mixture moisture 15 

levels. Nor was there any significance between preservation mixture moisture levels of 40% and 50% for a 16 

preservation duration of zero to four days.  17 

However, survivability on preservation mixture moisture 20% and 30% differed significantly from that of 18 

preservation mixture moisture 40% and 50% for preservation durations of one day or longer. Thus, low 19 

preservation mixture moisture levels (20% and 30%) provided an environment that was less suitable for living. 20 

It is suggested that preservation mixture moisture levels lower than larvae moisture levels (70% to 80%) (Meyer 21 

et al., 2004; Liu et al., 2018; Lalander et al., 2019), result in the dehydration of the larvae, as they have a 22 

relatively large surface area to body mass ratio. Neonate H. illucens larvae can be preserved for periods of 23 

one day or longer, using 40% and 50% preservation mixture moisture, with 85% survival. 24 
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The survivability of larvae provided with a high moisture level preservation mixture, such as 70%, 1 

differed significantly from 40%, for all preservation durations. This may be attributed to excess water that 2 

accumulated at the edges of the preservation container which may have resulted in drowning (Sheppard et al., 3 

2002; Lalander et al., 2020). It was also possible that the high moisture level promoted feed intake (Cheng et 4 

al., 2017; Padmanabha et al., 2020), resulting in larval growth and increased larval activity (Mceachern, 2018). 5 

In turn, the larval heat production (Mceachern, 2018) and oxygen consumption (Dortmans et al., 2017) may 6 

have altered their environmental conditions to become unfavourable and has resulted in mortality. 7 

3.3.2. Nursery larval weight 8 

Total nursery larval weight and individual nursery larval weight represented similar tendencies with 9 

regard to preservation mixture moisture level and preservation duration. A significant interaction was observed 10 

(P<0.01) between preservation mixture moisture and preservation duration. The impact of preservation mixture 11 

moisture level on the total larval weight increased with an increase in preservation duration, as seen in  12 

Figure 3.  13 

Figure 3 The total nursery (four-day-old) Hermetia illucens larval yields (g) resulting from exposure to different 14 

preservation durations (days) and preservation mixture moisture levels (%) 15 

Low preservation mixture moisture levels, such as 20% and 30%, provided an unfavourable 16 

environmental condition contributing to low larval survival, as mentioned in section 3.3.1. This resulted in a 17 

maximum weight of 0.0036±0.023 g per preserved larvae, for the preservation durations tested, after the 18 

nursery phaseThere was no significant difference in nursery larval weight between the preservation mixture 19 

moisture levels when preserving the neonate larvae for one day or less. There is no significant difference in 20 

nursery larval weight between 40% and 50% preservation mixture moisture, when the same preservation 21 

duration is applied. For a preservation duration of two days or longer there is a significant difference between 22 

20% to 30% preservation mixture moisture and 40% to 50%. The largest nursery larval weight is achieved by 23 

preserving neonate H. illucens larvae for two days or longer using 40% or 50% preservation mixture moisture.  24 
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3.3.3. Moisture content 1 

3.3.3.1. Residue moisture content  2 

The residue moisture content was defined as the percentage moisture in the remaining nursery 3 

substrate, after larval harvesting. No significant interaction was observed (P=0.07) between preservation 4 

mixture moisture and preservation duration with regard to the nursery residue moisture. It is suggested that 5 

this is the result of providing a constant moisture level (73%) within the nursery substrate. 6 

There was no significant moisture level difference between the preservation durations of one day or 7 

longer. A significance was however noted from zero- to one-day preservation duration, as seen in Figure 4.  8 

This could be attributed to the difference in larval density between zero and one day of preservation, as seen 9 

in Figure 2. A larger larval density results in increased heat production (Mceachern, 2018). This increase in 10 

heat production could have caused evaporation from the substrate, resulting in the lower residue moisture 11 

level seen for zero-day preservation. 12 

Thus, it is concluded that the preservation of neonate H. illucens larvae has no influence on their 13 

production standard or requirements. Thereby, preserved larvae and non-preserved larvae will have equal 14 

production standards and requirements within intensive production systems, as well as in waste processing 15 

systems. 16 

Figure 4 The residue moisture level of the nursery substrate used to rear Hermetia illucens neonates that were 17 

exposed to different preservation durations (days) and preservation mixture moisture levels (%) 18 

3.3.3.2. Larval moisture content 19 

The larval moisture content was defined as the percentage moisture obtained from the harvested larvae, 20 

after being placed on nursery substrate for four days. A significant interaction was observed (P<0.01) between 21 

preservation mixture moisture and preservation duration. There was no significant difference in larval moisture 22 

content, when subjected to preservation mixture moisture levels of 40%, 50%, 60% and 70%, regardless of 23 

the preservation duration, as seen in Figure 5. This may indicate that preservation mixture moisture levels of 24 

40% and above is enough to sustain neonate larval moisture and prevent severe drying out. Thus, where high 25 

survivability was noted, the moisture content of preserved larvae after the nursery phase remained unaffected. 26 

55

57

59

61

63

65

67

69

71

73

75

0 1 2 3 4

R
e
s
id

u
e

 m
o

is
tu

re
 le

v
e

l 
(%

)

Preservation duration (days)

Preservation 
mixture 

moisture level (%)

20

30

40

50

60

70

Stellenbosch University https://scholar.sun.ac.za



37 
 

As previously mentioned, 20% and 30% preservation mixture moisture did not sustain the larvae and resulted 1 

in mortality.   2 

Figure 5 The larval moisture level of nursery (four-day-old) Hermetia illucens larvae, exposed to different 3 

preservation durations (days) and preservation mixture moisture levels (%) during the neonate stage 4 

3.4. Conclusion 5 

The impact of preservation mixture moisture level on the survival of preserved neonate H. illucens larvae 6 

increased with an increase in preservation duration. Neonate H. illucens larvae can be preserved for periods 7 

of one day or longer, using 40% and 50% preservation mixture moisture, with 85% survival. However, for short 8 

term preservation durations, such as one day or less, 40%, 50%, 60% or 70% moisture could be used to 9 

achieve a similar outcome. Similarly, the impact of preservation mixture moisture on the total larval weight of 10 

nursery larvae after preservation increased with an increase in preservation duration. The largest nursery larval 11 

weight was achieved by preserving neonate H. illucens larvae for two days or longer using 40% and 50% 12 

preservation mixture moisture. It was presumed that this weight was gained during the nursery phase, as 40% 13 

and 50% preservation does not allow for feed intake. 14 

Overall, a preservation mixture moisture level of 20% and 30% was regarded as unfavourable when 15 

preserving neonate larvae for more than a day and will result in high mortalities. However, using a preservation 16 

mixture moisture of 60% or 70% for more than two days also reduced neonate survival. This reduced survival 17 

could be due to increased heat production associated with feed intake and metabolism, as well as increased 18 

oxygen consumption resulting in oxygen depletion and death of the larvae within its sealed preservation 19 

container.  20 
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Chapter 4 1 

The impact of different environmental conditions on the survival of preserved  2 

Hermetia illucens neonate larvae  3 

Abstract 4 

Segregation of the H. illucens industry may increase the availability of economical high-quality protein. 5 

This segregation requires the long-distance transportation of neonate larvae. It was established that 6 

approximately 85% survival can be achieved during a four-day preservation period, if the ideal preservation 7 

mixture moisture, 40% to 50%, is used. However, it remains unknown what impact different polytop sizes, 8 

preservation mixture weights, neonate densities and environmental temperatures may have on larval survival.  9 

A five-factor central composite design was used to determine the survival of H. illucens larvae during long-10 

distance transportation (four days), when exposed to different factor levels. These factors include polytop size 11 

(10 mL, 20 mL, 30 mL, 50 mL and 100 mL), preservation mixture weight (2±0.02 g, 5±0.03 g, 9±0.02 g, 12±0.03 12 

g and 15±0.02 g), neonate density (0.1 g, 0.3 g, 0.5 g, 0.7 g and 1 g), environmental temperature (4 °C, 11 °C, 13 

18 °C, 24 °C and 30 °C), as well as the preservation mixture moisture level (30±0.88%, 37±1.29%, 48±1.01%, 14 

58±1.61% and 69±1.67%). The treatment design consisted of 180 runs, including 112 different factor level 15 

combinations. The preservation lasted four days, followed by a four-day nursery phase. At harvest, samples 16 

were taken from each run and the larvae counted and weighed. 17 

A statistically significant interaction between environmental temperature and preservation mixture 18 

moisture was noted, with the optimal combination for larval survival being 14.4 °C and 44%. The optimal larval 19 

density was perceived to be 0.1 g, the lowest factor level tested. An increase in larval density lowers the 20 

survival of neonate H. illucens larvae. The contrary was true regarding preservation mixture weight, where the 21 

largest level was regarded as ideal, 15.04 g (for four days). Statistically 28 mL polytops were ideal, however 22 

from an economical point of view, 30 mL polytops were more cost effective, and provide a similar result. Larval 23 

survival remains the focus of long-distance transportation. However, when considering nursery larval weight, 24 

a different combination of factors was used to achieve the optimal output. Contrary to survival, the highest 25 

nursery individual larval weight was achieved using a 30% moisture preservation mixture, with an 26 

environmental temperature of 30 °C, and a 10 mL polytop. This could be attributed to the decreased larval 27 

density associated with high mortality rates as observed in this treatment. Therefore, one can conclude that 28 

transporting 0.1 g of neonate H. illucens larvae in a 30 mL polytop with 15.04 g of preservation mixture 29 

containing 44% moisture at an environmental temperature of 14.4 °C, was the optimal combination for the 30 

successful transport of approximately 61% of the neonate H. illucens larvae.  31 

*Keywords: black soldier fly, nursery larval weight, storage  32 
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4.1. Introduction  1 

Many animal production value chains are segregated into several smaller sectors. For example, the 2 

poultry industry consists of pre-mix suppliers, feed suppliers, primary breeders, fertilized egg producers, 3 

hatcheries, grow-out farms, abattoirs and product processing plants (Ariffin et al., 2012, 2015; Nääs et al., 4 

2015). This segregation reduces management problems, contamination between sectors and could result in 5 

increased production efficiency (Malik et al., 2019; Welshans, 2021). This segregation also enables different 6 

countries worldwide to cooperate, exploiting each countries’ different advantages, such as countries with 7 

affordable labour (Gelb et al., 2020) and the advanced technologies of first-world countries (Getzoff, 2020). 8 

This provides a unique advantage to the industry in its entirety, resulting in specialisation in a specific field. 9 

Currently the black soldier fly value-chain remains integrated, and segregation may provide this industry with 10 

the above-mentioned advantages. However, this segregation would require the transportation of insects in 11 

various life stages, over long distances. This transportation requires the ideal environmental conditions for 12 

neonate black soldier fly larvae to ensure maximum survival. For H. illucens these conditions are not yet known, 13 

and therefore there is a need to determine it in order to successfully segregate the current integrated industry 14 

(Dortmans et al., 2017; Pettinger, 2019). 15 

Survival and larval weight were used as indicators of the optimal combination of environmental 16 

conditions for the preservation of neonate larvae, including polytop size, preservation mixture weight, 17 

environmental temperature, preservation mixture moisture level, and neonate density. Larval density affects 18 

their rate of development (Tomberlin & Sheppard, 2002; Barragan-Fonseca et al., 2018), as their bioconversion 19 

is negatively influenced by overcrowding due to substrate competition and increased heat production (Parra 20 

Paz et al., 2015). Not only was there a competition for substrate, but the quality of substrate was reduced due 21 

to contamination with insect waste product. Crowding prolonged the larval period (Popa & Green, 2012) and 22 

was confirmed by Barragan-Fonseca et al. (2018), who also observed a shortened larval period when larval 23 

density was lowered, as well as a higher crude fat and crude protein level. However, during the preservation 24 

of neonate larvae, the aim was to extend the larval period by avoiding substrate consumption. This could 25 

possibly allow for higher larval densities.  26 

There is a significant correlation between the heat production of black soldier fly larvae and the 27 

corresponding age and size of the larvae. The amount of heat produced from older, larger larvae are much 28 

higher compared to younger, smaller larvae (Mceachern, 2018). Thus, one can conclude that transporting 29 

neonate larvae will result in less heat production compared to the transportation of fully grown larvae. Larger 30 

larval densities also produced more heat and will result in an increased risk of high heat production levels 31 

during transit (Turner & Howard, 1992; Mceachern, 2018). However, as the larvae increase in size, it produces 32 

less heat per gram of body weight and the average amount of this heat produced varies significantly between 33 

test groups of different sizes, as well as groups of  the same size and weight (Mceachern, 2018). Therefore, 34 

the amount of heat produced, per individual and per gram (held at a constant population density), as well as 35 

factors influencing it, is not yet fully understood. The thermal maximum for black soldier fly larvae was 36 

estimated at 37.2±0.3 °C (Chia et al., 2018). The thermal minimum for black soldier fly larvae is variable and 37 

might be influenced by the substrate provided. For brewer's yeast supplemented diets the thermal minimum 38 

was documented at 11.7±0.9 °C while un-supplemented diets had a thermal minimum of  39 
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12.3±1.4 °C (Chia et al., 2018).  This observed variation may be attributed to exothermic fermentation caused 1 

by the addition of brewer’s yeast. 2 

Not much published literature was found on the transport of neonate H. illucens larvae. The transport of 3 

pre-pupae mosquito required immobilisation through chilling. This reduced the amount of damage that was 4 

caused by the insect’s movement and metabolic heat generation during transit, especially when high densities 5 

were transported. The optimum temperature at which pre-pupae should be immobilised remained undefined 6 

and was estimated to be between 6 °C and 12 °C. The maximum chilling period without impacting survival or 7 

performance was also undetermined, as well as the exact amount of heat generated. Mosquitoes could be 8 

transported using refrigerated vehicles; thus, they are shipped within the existing cold chain network. 9 

(Consultants Group, 2014) 10 

Published literature pertaining to the moisture requirement of preserved neonate larvae was also rare. 11 

However, published literature on the moisture requirement for larval growth was obtained. Cheng et al. (2017), 12 

claimed that a moisture level of 65% or below, resulted in a substrate too dry for black soldier fly larvae to 13 

consume and that a moisture content of 80% resulted in the fastest larval growth rate. Moisture levels of 82% 14 

to 86% resulted in sticky residue, depending on the substrate used (Diener et al., 2011). The residue trapped 15 

the larvae, decreasing their gas exchange, causing death (Diener et al., 2011; Padmanabha et al., 2020). 16 

Cheng et al. (2017) found that moisture content does not affect the survivability of larvae, yet this is subject to 17 

change as the larvae had no air limitation, such as in a sealed preservation container, for long distance 18 

transportation.  19 

Little to no literature was found on the ideal moisture content for preservation, nor the ideal temperature 20 

or larval density that is required for efficient preservation and long-distance transportation of neonate larvae. 21 

Thus, the aim of this study was to establish the interaction between these factors, as well as to determine the 22 

most efficient factor level combination for optimal neonate H. illucens larval preservation. 23 

4.2. Materials and methods 24 

4.2.1. Trial design 25 

The central composite design (expert 6.0.10) method consists of three portions, namely factorial runs 26 

(𝑛𝐹), axial runs (2𝑘) and centre runs (𝑛𝐶) (Rheem & Oh, 2019), contributing to the second-order model depicted 27 

in   28 

Equation 1 (Roci & Westlind, 2016). This model was used to predict the outcome (larval survival or 29 

individual 4DOL weight) when a particular combination of factor levels was tested. The treatment design was 30 

executed within Susento’s production facility, located on Ininzi, in Swartvlei, Sedgefield (33.9986° S, 22.7291° 31 

E), South Africa. Five factors namely, polytop size (10 mL, 20 mL, 30 mL, 50 mL and 100 mL), preservation 32 

mixture weight (2±0.02 g, 5±0.03 g, 9±0.02 g, 12±0.03 g and 15±0.02 g), neonate density (0.1 g, 0.3 g, 0.5 g, 33 

0.7 g and 1 g), environmental temperature (4 °C, 11 °C, 18 °C, 24 °C and 30 °C), as well as the preservation 34 

mixture moisture level (30±0.88%, 37±1.29%, 48±1.01%, 58±1.61% and 65±1.67%) were investigated. The 35 

treatment design consisted of 180 runs, including 112 different factor level combinations.  36 
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Equation 2 The second-order model of a central composite design 1 

 𝑦  = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖
𝑘
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖

2𝑘
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗𝑖<𝑗 +  𝜀 2 

𝑦 = Dependant variable  3 

𝛽 = Parameters whose values are to be determined 4 

k = Number of input variables 5 

𝑥𝑖    = Independent variable 6 

𝜀 = Error observed in the response y 7 

 4.2.1.1. Methods for the preservation phase of neonate H. illucens larvae 8 

Ninety-seven grams of neonate black soldier fly larvae were obtained from Susento (Sedgefield, South 9 

Africa), to be preserved within 180 numbered plastic polytops. The total preservation mixture, approximately 10 

1.36 kg, was prepared according to the specifications of   11 
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Table , using a PS 750/C/2 RADWAG scale, accurate to 1 mg. Dry matter was determined, in 1 

accordance with the Association of Official Analytical Chemists (AOAC) International (AOAC, 2002), Official 2 

Method 934.01. The moisture content of the preservation mixture was brought to 30%, 37%, 48%, 58% and 3 

65% by adding water at 90 °C (Liland et al., 2017; Coudron et al., 2019). This was done to allow for optimal 4 

water absorption (Liland et al., 2017; Coudron et al., 2019). Each preservation mixture was subsequently 5 

placed into their respective polytop sizes and preservation mixture rates, as seen in Table 6. Once the mixture 6 

within each polytop reached a temperature of 30 °C (Dortmans et al., 2017), their respective neonate H. 7 

illucens larvae densities were added and the polytops sealed and placed within plastic containers. These 8 

containers were stored within their respective temperature-controlled environments for four days.  9 

Table 6 The number of polytops used for each experimental factor, and their respective levels, within the 10 

central composite design for preservation of neonate Hermetia illucens larvae  11 

Polytop size Mixture moisture Mixture weight Larval density Temperature 

34* 10 mL 67 30±0.88% 84 2±0.02 g 71 0.1 g 69 4 °C 
1 20 mL 8 37±1.29% 6 5±0.03 g 5 0.3 g 9 11 °C 

10 30 mL 32 48±1.01% 28 9±0.02 g 25 0.5 g 26 18 °C 
54 50 mL 4 58±1.61% 7 12±0.03 g 11 0.7 g 7 24 °C 
81 100 mL 69 65±1.67% 55 15±0.02 g 68 1 g 69 30 °C 

* Number of polytops allocated to the experimental factor level 12 

4.2.1.2. Methods for the nursery phase of neonate H. illucens larvae 13 

The four-day nursery phase for the preserved neonate H. illucens larvae commenced after the four-day 14 

preservation phase. Nursery feed (approximately 193 kg) was prepared according to the specifications of Table 15 

5, using an industrial mixer. Water was added to the dry mixture at 90 °C to allow for optimal water absorption 16 

(Liland et al., 2017; Coudron et al., 2019). Dry matter was determined, in accordance with the Association of 17 

Official Analytical Chemists (AOAC) International (AOAC, 2002), Official Method 934.01, to confirm a moisture 18 

content of 73%. The substrate was subsequently weighed, using a CPW-plus Adam scale, accurate to 2 g, 19 

and placed in the nursery containers, in a manner to ensure similar environmental exposure. This was 20 

accomplished by placing the substrate at similar densities in containers with similar depth but different surface 21 

areas in order to ensure similar feed substrate depths, as depicted in Table 7. The nursery containers were 22 

covered with aerated plastic lids and were left to condition within the nursery room overnight. Subsequently, 23 

the nursery containers were placed with the entire contents of their respective preservation polytops, after 24 

removing the conditioning lids. The empty polytops were left open at an angle of about 45° as to allow any 25 

remaining neonates to crawl out onto the nursery diet. The nursery containers were stacked upon shelves 26 

within a controlled environment, avoiding the top and bottom shelf to ensure minimal environmental variation. 27 

Nursery temperatures were set to 35 °C and the humidity to >80% within the controlled environment over the 28 

course of the experiment.  29 
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Table 7 The substrate weight allocated to each preservation larval density neonate Hermetia illucens within 1 

the nursery phase (four days old), and their respective container types and sizes  2 

Container  
type 

Container  
size 

Container 
quantity 

Substrate  
weight 

Larval  
density 

Four-and-a-half-litre container 32.5 cm x 22.5 cm x 6 cm 68 1,99 kg 1 g 
Nursery container 26.5 cm x 18.5 cm x 7.5 cm  11 1,39 kg 0.7 g 
Nursery container 18.9 cm x 18.5 cm x 7.5 cm 25 0,99 kg 0.5 g 
Nursery container 11.4 cm x 18.5 cm x 7.5 cm 5 0,60 kg 0.3 g 
Nursery container 3.8 cm x 18.5 cm x 7.5 cm 71 0,20 kg 0.1 g 

4.2.1.3. Methods for the harvest of neonate H. illucens larvae 3 

Harvest commenced four days after the start of the nursery phase. The nursery containers were weighed 4 

using a CPW-plus Adam scale, accurate to 2 g and the weight of the remaining feed with larvae was calculated. 5 

Three homogenous samples were taken from the contents of the harvest and the number of larvae per gram 6 

determined using a PS 750/C/2 RADWAG scale, accurate to 1 mg. Subsequently, the number of larvae per 7 

container were calculated and used to determine survivability. The samples of the larvae and frass from each 8 

harvest were frozen at -20 °C for later analysis (Larouche et al., 2019).  9 

4.2.2. Statistical analysis 10 

Statistical analyses were executed using STATISTICA (data analysis software system), Version 9, by 11 

StatSoft inc. (2010). The residuals of each two-way analysis of variance (ANOVA) were declared as normal 12 

and homogeneity of variances was confirmed using the Levene’s test (StatSoft, 2010; Spranghers et al., 2017; 13 

Shumo et al., 2019). Statistical significance was confirmed at P≤0.05. Independent variables were regarded 14 

as continuous, as often the case when using regression, therefore statistically significant differences between 15 

factor levels were not tested. 16 

4.3. Results and discussion 17 

4.3.1. Larval survival 18 

Survival is defined as the degree to which an environment is suitable for living (van Dorst, 2012). In this 19 

study it was calculated as the ratio between the total number of larvae at the end of the nursery phase and the 20 

number placed expressed as a percentage. Figure 6 indicated that an optimal larval survival was achieved 21 

using a preservation mixture moisture of 44%, confirming the findings of the previous trial, that moisture levels 22 

such as 40% and 50% were ideal. It was assumed that this low moisture level (lower than 65%) resulted in dry 23 

substrate, reducing the consumption of the black soldier fly larvae (Bosch et al., 2014). Alternatively, high 24 

moisture levels (higher than 65%) are suggested to correlate with consumption, resulting in increased larval 25 

growth rates. Larger larvae not only produce more waste product, contaminating the preservation mixture, but 26 

also produce more heat (Parra Paz et al., 2015; Mceachern, 2018). This heat was trapped within the sealed 27 

polytop, resulting in high mortality. However, contrary to Cheng et al. (2017), the moisture content of the 28 
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preservation mixture, did indeed affect the survivability of larvae. This contradiction may result from the added 1 

air limitation (sealed container) during long distance transportation.  2 

Figure 6 The optimal environmental factor level combination (polytop size, preservation mixture weight, larval 3 

density, environmental temperature, and preservation mixture moisture) for preserved neonate Hermetia 4 

illucens larval survival (%). 5 

A linear relationship between larval density and survival was seen in Figure 6, where a decrease in 6 

density resulted in an increase in survival. This was evident, as an increase in larvae density caused 7 

overcrowding, substrate competition and an increased heat production (Parra Paz et al., 2015). Figure 6 8 

indicated that the optimal larval weight was obtained by providing the lowest larval density factor level, 0.1 g, 9 

while also providing the maximum preservation mixture factor level, 15.04 g (for four days). Thus, the 10 

preservation mixture supply rate was 0.56 mg/larvae/day supporting the claim of a decreased consumption as 11 

result of “dormancy”, as it was far less than the recommended approximately 100 mg/larvae/day by Banks et 12 

al. (2014), Supriyatna et al. (2016), Dzepe et al. (2021) and Tsagkarakis (2021). Survival may be further 13 

enhanced by increasing the preservation mixture weight, or by decreasing the larval density and requires 14 

further study. However, this possible enhancement was limited by polytop volume and transportation 15 

expenses, respectively. It can be concluded from Figure 7a that there was little to no interaction between larval 16 

weight and preservation mixture weight.  17 

Larval 
density 
(grams) 
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 1 

Figure 7 Neonate Hermetia illucens larvae survivability as response to larval density and preservation mixture 2 

weight (a), as well as preservation mixture moisture and environmental temperature (b). 3 

Larval survival decreased with an increase in polytop size, as seen in Figure 6. This may be attributed 4 

to the decrease in preservation mixture depth as the polytop size increases, as all the polytops were the same 5 

height. Dry preservation mixtures occupied a larger volume and resulted in a deeper feeding depth. Further 6 

study is required, using different preservation containers that allows for the testing of container size, without 7 

altering the preservation mixture’s depth. From this trial, 28 mL polytops were statistically ideal. It was 8 

recommended to use a commercially available polytop such as 30 mL.  9 

Holmes et al. (2016) reported a lower temperature threshold for the survival of neonate H. illucens larvae 10 

as between 16 °C and 19 °C. However, it was found that optimal survivability of preserved neonates occurs at 11 

14.4 °C. This was confirmed by Chia et al. (2018), reporting that neonate H. illucens larvae survived at 15 °C. 12 

It was suggested that neonate H. illucens larvae, similar to pupae mosquitos, are immobilised through chilling 13 

(Consultants Group, 2014), whereas high environmental temperatures support movement, thereby reducing 14 

neonatal energy reserves, while increasing heat production and oxygen consumption.  15 

A statistically significant interaction was evident between environmental temperature and preservation 16 

mixture moisture level as seen in Figure 7b, both resulting in poor survival when extreme levels were applied. 17 

The optimal survival was achieved at a specific interaction point between environmental temperature and 18 

preservation mixture moisture level. Thus, the optimal environmental temperature was dependent upon the 19 

level of preservation mixture moisture used and vice versa. Therefore, considering mortalities, one can 20 

conclude that the transportation of 0.1 g of neonate H. illucens larvae in a 30 mL polytop with 15.04 g of 21 

preservation mixture at 44% moisture and an environmental temperature of 14.4 °C, allowed for the successful 22 

transport of approximately 4 270 neonate H. illucens larvae. 23 

Larval survivability Larval survivability 
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4.3.2. Larval weight 1 

The largest individual nursery larvae weight, 0.038 g, was achieved using a 30% moisture preservation 2 

mixture and a 10 mL polytop (Figure 8). This weight was attributed to low survivability, about 25%. As the larval 3 

density decreased, it allowed for greater individual nursery substrate provision, increasing the 4DOL weight. 4 

When using 30% moisture preservation mixture and a 30 mL polytop, the larval survival was approximately 5 

61%, thus increasing the larval density and decreasing the nursery substrate per larvae, resulting in a 4DOL 6 

weight of 0.025 g. This is supported by the significant interaction between environmental temperature and 7 

larval weight, where a decrease in larval density and an increase in environmental temperature resulted in an 8 

increase in larval nursery weight, as seen in Figure 9.  9 

Figure 8 The nursery Hermetia illucens larval individual weight (gram) as affected by five experimental factors 10 

(polytop size, preservation mixture weight, larval density, environmental temperature, and preservation mixture 11 

moisture) central composite design, regarding the preservation of neonate larvae 12 

Larval 
density 
(grams) 
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Figure 9 Nursery Hermetia illucens larvae weight (gram) as response to different environmental temperatures 1 

and larval densities during the preservation phase 2 

A significant (P=0.03) interaction was noted between preservation mixture moisture and 4DOL weight. 3 

The optimal 4DOL weight was achieved using a low larval density and preservation moisture level, whereas 4 

the optimal larval survival was achieved at a particular preservation moisture level, as seen in Figure 10. Unlike 5 

survival, 10 mL polytops were statistically ideal to achieve a large nursery larval weight. Yet, similar to larval 6 

survival, nursery larval weight decreased with an increase in polytop size, as seen in Figure 8.  7 

Figure 10 Hermetia illucens nursery larvae (4 days old) survival as response to different preservation mixture 8 
moistures and larval densities during preservation  9 

Larval survivability 

Nursery larval weight 
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There was a significant interaction (P=0.05) between polytop size and environmental temperature with 1 

regards to the weight loss of the preservation polytop and its contents after preservation. Figure 11 indicates 2 

that larger polytops exposed to high environmental temperatures, with the same preservation mixture 3 

moistures, lost the most weight. This weight loss is thought to be caused by evaporation, as the surface area 4 

of the polytop increases. This evaporation in turn reduces the preservation mixture moisture level.  5 

Figure 11 Chang in preservation polytop weight (gram) as response to environmental temperature and polytop 6 

size during neonate Hermetia illucens preservation  7 

4.4. Conclusion 8 

Survival was regarded as the most vital factor in assessing the long-distance transportation of insects. 9 

To maximise the survival of preserved neonate larvae, a specific preservation environment was required. It 10 

was suggested that low moisture levels (although not extreme) reduced black soldier fly larvae consumption 11 

and bioconversion, allowing the neonate larvae to enter a state of “diapause” with minimal growth. High 12 

moisture levels allowed for substrate consumption, resulting in increased larval growth, oxygen consumption 13 

and heat production. In turn, this decreased larval survivability. Similarly, high larval densities also resulted in 14 

an increased oxygen consumption and heat production. Thus, low larval densities were optimal for survival. 15 

Lower environmental temperatures reduced larval movement and in turn heat production, however, extreme 16 

cases resulted in mortality. Therefore, one can conclude that the transportation of 0.1 g neonate H. illucens 17 

larvae in a 30 mL polytop with 15.04 g of preservation mixture at 44% moisture and an environmental 18 

temperature of 14.4 °C, allows for approximately 61% survival, and is the optimal combination of the factor 19 

levels tested.   20 

Change in preservation  
polytop weight 
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Chapter 5 1 

Conclusion 2 

The use of insects as a sustainable high-quality protein alternative has recently been a major focal point, 3 

with Hermetia illucens larvae being one of the most widely researched insects. The question arises: can the 4 

availability of this alternative protein source be further enhanced? Black soldier fly larvae production could 5 

possibly be enhanced through segregation. However, this segregation will require the preservation and 6 

transportation of neonate larvae from one unit to the next, a topic of which no published data was found. Thus, 7 

this study used larval survival as a response variable to indicate that it was indeed possible to preserve these 8 

insects over a period of four days. However, depending upon the method and duration of transportation, the 9 

preservation duration may only be one to three days, which would improve larval survival. Results indicated 10 

that the moisture level of the preservation mixture greatly impacted larval survival and nursery larval weight. 11 

The highest larval survival is achieved using a preservation mixture moisture of 44% and remained unaffected 12 

by preservation duration. From literature, it was assumed that low preservation mixture moisture levels were 13 

too dry to consume. Alternatively, preservation mixture moisture levels that were too high may have resulted 14 

in drowning or lowered gas exchange. High moisture levels also increased substrate consumption and larval 15 

growth, resulting in increased heat production and increased oxygen usage, lowering survival. It was 16 

suggested that low preservation mixture moisture levels, such as 44%, reduced the black soldier fly larvae 17 

consumption, allowing the neonate larvae to enter a state of “diapause” with minimal growth. Survival was 18 

reduced by an increased larval density causing overcrowding, increased heat production and increased 19 

oxygen usage. Thus, it was recommended to preserve 0.1 g neonate larvae on 15.04 g of preservation mixture 20 

(for four days), within a 30 mL polytop at 14.4 °C to achieve the highest survivability of about 61%.  21 

Considering  individual 4DOL weight, a different combination of factors was used to achieve a greater 22 

weight. Unlike survival, the largest nursery individual larvae weight was achieved using a 30% moisture 23 

preservation mixture, with an environmental temperature of 30 °C, and a 10 mL polytop. The difference in 24 

4DOL weight was attributed to low survivability (approximately 25%) allowing for a greater individual nursery 25 

substrate provision. Thus, the effect of preservation on 4DOL weight warrants further research. More research 26 

is also required to establish the inclusion limit of preservation mixture weight, as the optimal weight was 27 

depicted as the maximum level tested. Testing greater levels may result in higher neonatal survival. It is unclear 28 

if preservation mixture depth contributed to the larval survival and should also be investigated, as there is a 29 

correlation between preservation mixture moisture and preservation mixture depth.  30 

To conclude, the transportation of 0.1 g of neonate H. illucens larvae in a 30 mL polytop with 15.04 g of 31 

preservation mixture at 44% moisture at an environmental temperature of 14.4 °C, allowed for the successful 32 

transport of about 4 270 neonate H. illucens larvae per polytop and was the optimal combination of the factor 33 

levels tested. The ability to transport neonate H. illucens larvae, segregate the industry and improve the black 34 

soldier fly market, could industrialise the use of this alternative protein source. So doing, it can attempt to 35 

satisfy the growing demand for livestock products without resolving to deforestation, declining aquacultural 36 

biodiversity or the excessive use of water resources such as with other agricultural industries. This 37 

investigation indicated a great potential for the H. illucens market to excel, as the long-distance transportation 38 
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and preservation of neonate H. illucens larvae was indeed possible. The result from this study enhanced the 1 

understanding of neonatal H. illucens larvae preservation and the limits that were associated with their survival. 2 
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