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1. Introduction 

The insect industry is a fast-growing sector expected to reach a market value of circa 

8 billion $ by 2030, with the black soldier fly (BSF, Hermetia illucens) as a key player 

reaching 2.57 billion $ alone (Meticulous Market Research Pvt. Ltd., 2021). As the 

industry grows, different business models are developing. On one side, large companies 

built centralised systems where all processes occur in one site and where large volumes 

of inputs and outputs are expected. On the other side, there is the establishment of 

decentralized systems where the process is subdivided into two parts: the first focuses 

on reproduction, thus mass production of eggs or young larvae as product, whereas the 

second specializes on larval rearing for organic waste management and insect products. 

Regardless of the production system or production volumes, storage and transportation 

of different insect stages are key factors for the industry success. Large insect facilities 

require a stable availability of high-quality insects; thus, storage of specific live stages 

for a limited time might be necessary to overcome fluctuations of production and to 

guarantee a stable process. At the same time, in case of smaller productions with 

inconsistent operational volumes a longer storage time is required as backup supply of 

larvae for each production cycle. Finally, proper transport and shipping conditions are 

paramount for decentralized rearing systems. Therefore, for the development of such 

businesses, and to enhance the cooperation between the industry and the academic 

partners, it is important to develop storage and transport protocols of life specimens. 

In recent years, extensive research has been done on BSF but little is known about the 

storage and transportation of the different life stages. Nevertheless, several studies 

addressed the effects of temperature and relative humidity (RH) on BSF development 

and survival producing valuable insights that can be used as a starting point. The 

temperature is the most important abiotic factor influencing the insects’ development 

growth and survival (Ratte HT, 1985). Villazana and Alyokhin (2019) showed that all BSF 

life stages are very susceptible to temperatures below the freezing point even for a short 

period of time. Further, when exposed to low temperatures above freezing, e.g. 4 to 5 °C, 

BSFs survive for a short time only (Spranghers et al., 2017; Villazana and Alyokhin, 

2019). Being native to the Notropics, the optimal temperature for the BSF is around 30 °C 

with some variations depending on the life stage and rearing diet (Chia et al., 2018; 

Holmes et al., 2016; Tomberlin et al., 2009). The predicted lower temperature 

developmental threshold of BSF eggs is 13.65 °C, of larvae between 10.4 ± 1.7 and 12.2 

± 1.4 °C, of pre-pupae between 12.2 ± 3.9 and 14.6 ± 1.8 °C and of pupae between 
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10.66 ± 2.0 and 13.3 ± 1.9 °C, with the ranges depending on the rearing diet (Chia et al., 

2018). On the other hand, the lethal upper temperature threshold of BSF is estimated to 

be between 37.2 and 44.0 °C (Chia et al., 2018). Concerning RH, the best mating 

success and hatching rates occur above 70 % (Holmes et al., 2012; Tomberlin 2002). 

Considering the factors mentioned above, a series of studies was conducted to 

understand the range of abiotic conditions suitable during storage and shipment of BSF. 

Different life stages were tested i.e. pupae, neonates and to a higher degree eggs, which 

were assumed to be the common life stage transported in decentralized systems. Firstly, 

laboratory experiments were conducted to validate and expand our knowledge of RH 

and temperature impacts on different BSF life stages. Consequently simulations of 

shipping conditions and recorded deliveries were conducted between partners. This 

report aims to assess and evaluate different transport parameters, resulting in the 

development of storage and transport methodologies, which can be done at minimum 

technical requirements and benefits all institutions and companies working with BSF. 

First, are presented two experiments assessing how a short term exposure of BSF eggs 

to different and temperature levels impacts the hatching rate. To do this, eggs were 

stored at different temperature ranges for a short time in laboratory conditions. Most of 

the studies available in the literature tested the effect of constant temperature and for 

the whole duration of egg incubation. This is certainly useful but does not give the 

necessary information for shipping conditions. In fact, shipping duration is usually 

between 1 day (for express delivery) and 3 days (for normal transportation) within the 

EU. Therefore, the same conditions that are detrimental for BSF development over 

permanent exposure, might be harmless when the exposure time is limited. 

Secondly is shown a series of experiments on eggs, neonates and 2-DOL (day old 

larvae) and pupae stored at different temperatures for different durations. Here, the 

range of storage temperature was confined to temperatures between 12 and 18 °C, 

attempting to decrease the insects’ metabolism and to prolong the storage time. 

Additionally, by storing various life stages to identical conditions these experiments aim 

to compare the response and tolerance among stages to specific temperatures of 

storage. 

Besides abiotic conditions during storage and transportation, the setup may affect the 

insect survival. For instance, the lack of air exchange might negatively impact the 

survival. Moreover, when large amounts of larvae are stored or transported, they might 

increase the temperature by their metabolism and friction through movement. These 
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factors are both correlated to the number of specimens per volume. Consequently, in 

these experiments, realistic shipping conditions with a larger number of insects stored in 

sealed boxes were simulated.  

Thirdly, tracked shipments conducted between partners investigating the survival are 

presented. These experiments were conducted to verify the results previously obtained 

at the research facilities and to test a different array of packaging, which could maintain 

the desired abiotic conditions. 
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2. Materials & Methods 

 Experiment 1: Influence of relative humidity for egg storage  

The experiment was conducted at HiProMine S.A. Robakowo, Poland. The effect of the 

RH on egg hatching rate of Hermetia illucens was evaluated for two different tempera-

tures. For each experimental unit, 3 g of eggs (24 h old) were placed on a mesh covering 

a 250 ml box (Figure 1) and incubated in a climate chamber (PolEko Aparatura, 

KW750STD) for 1 or 3 days, respectively, according to the experimental design shown 

in Table 1. 

 

Figure 1 – Setup of the experimental units. 

After incubation, the eggs of each experimental unit were placed into a new 250 ml box 

(maintaining the initial setting) and kept under laboratory conditions (30 ºC, 65 % RH). 

This procedure was repeated daily, until all neonates had hatched (4 days in total). Each 

day, the hatched neonates were quantified as follows: 

1. For every box, four sections of the total area of the bottom were chosen randomly and 

photographed (Zeiss Stemi 508, Axiocam 208 color). 

2. Using the software ImageJ version 1.8.0 (Schneider et al. 2012), the area of each 

photo was measured, and all neonates in each photo were counted manually. 

3. The number of hatchlings was calculated for every treatment. 

With this information, the total number of neonates that hatched during and after the 

incubation period was estimated. 
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Table 1 – Experimental design and time plan for egg storage at four relative humidities 
(RH) and two temperatures, for 1 or 3 days. Laboratory conditions (LC): 30°C and 65% 

relative humidity . 

 

  Experiment 2: Influence of temperature for egg storage I  

The effect of temperature on the hatching rate of the eggs of Hermetia illucens after a 

certain period of storage was evaluated. Three storage temperatures were tested (6, 20 

and 30 °C) at a constant RH of 60 %. The time of storage varied between 1 and 3 days. 

The experimental design and time plan can be seen in Table 2.A total of 108 g of eggs 

was used for the experiment. After collection, 3 g of eggs (24 h old) were placed over a 

mesh covering the bottom of a 500 ml plastic box, placed on top of another 500 ml plastic 

box (Figure 2.A). The eggs were distributed on the mesh avoiding the formation of 

clumps. A total of six repliactes was set for each treatment (36 boxes in total). 

  

Treatment RH [%] Day 1 Day 2 Day 3 Day 4 

1 35 

25 °C LC 
2 50 

3 65 

4 80 

5 35 

25 °C LC 
6 50 

7 65 

8 80 

9 35 

30 °C LC 
10 50 

11 65 

12 80 

13 35 

30 °C LC 
14 50 

15 65 

16 80 
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Table 2 - Experimental time plan for egg storage at three different temperatures (in 
colours) and for two different durations with followed incubation. The relative humidity 

was kept at 60% for all treatments.  

 

 After placing the eggs in the plastic boxes, these were assign to the different treatments 

and placed in the climate chambers (Equitec EGCS2201HR). 

After the storage (1 or 3 days), the eggs of three replicates of each treatment were placed 

into new 500 ml boxes and moved to another climate chamber, set under laboratory 

conditions (30 ºC, 60 % RH). This step was repeated every day until all the eggs hatched. 

During the incubation time the hatched neonates were quantified daily following R&D 

Center HiProMine S.A. Robakowo’s protocol (see chapter 2.1). The software ImageJ, 

version 1.53e (Schneider et al. 2012) was used for the quantification of the neonates. 

The eggs from the remaining three replicates of each treatment were each placed into a 

plastic box (500 ml) with chicken feed (Figure 2.B). The box with feed was replaced daily 

after the storage time, in order to separate the hatchlings of each treatment per age. The 

neonates that hatched onto the feed were re-fed, if necessary.  

After two days of larval development, the small larvae in each box were separated from 

the rest of feed and frass using a sieve. After weighting the larvae, three samples (each 

5 % of the total weight) were taken and counted manually. The total number of larvae 

was calculated by extrapolation.  

Treatment Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

1 30 °C Incubation, 30 °C  

2 Storage 30 °C Incubation, 30 °C 

3 20 °C Incubation, 30 °C  

4 Storage 20 °C Incubation, 30 °C 

5 6 °C Incubation, 30 °C  

6 Storage 6 °C Incubation, 30 °C 

BA. B. 

Figure 2 - Setup of the experimental units for A. storage. B. Feeding of the neonates. 
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The following parameters were calculated: Number of hatchlings obtained during the 

storage period, number of hatchlings obtained after the storage (separatly each day), 

and mortality rate. 

 Experiment 3: Influence of temperature for egg storage II 

All experiments were conducted at Katz Biotech AG - Insect Technology Center (Berlin, 

DE). Eggs utilized in the experiments were produced at Hermetia Baruth GmbH (Baruth, 

DE) at 28.5 ± 0.6 °C and 49.4 ± 3.5 % RH. Corrugated cardboards (21.0 cm x 14.8 cm x 

1.0 cm) placed in corners of the fly cages were used for oviposition. When harvested, 

the eggs were maximum 48 h old. They were transported (65 km) to the research centre 

in Berlin in a tempered car within the cardboards inside a closed plastic container, 

maintaining a temperature above 25 °C. Immediately after arrival, the eggs were 

distributed into the different treatments of the experiment. 

Three to six cardboards with total 41.3 ± 0.5 g of eggs were stacked on one ring (polyvinyl 

chloride, 10 cm x 6 cm), inside a covered plastic container (40 cm x 30 cm x 25 cm, 

Figure 3), whereas the error of different number of cardboards per container was equally 

distributed among the treatments. Before closure, the containers’ lids were sprayed 

slightly with water to prevent them from drying out.  

 

 

Figure 3 – Setup of the experimental units. 

The effect of duration of storage and temperature on the hatching rate was evaluated. 

The eggs were stored inside the closed plastic containers in climate chambers (Fitotron 
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HGC 1514, Weiss Umwelttechnik GmbH, Reiskirchen, DE) at three different 

temperatures: 12, 15 and 18 °C. For the second factor, the two storage durations of 3 

and 7 days were chosen. Each treatment was carried out in three replicates. After 

storage, the eggs were incubated in an incubator chamber at 30 °C and > 65 % RH. After 

the incubation time was over, the eggs were examined under the stereomicroscope to 

evaluate the ocurrence of hatching. Hatchlings were harvested every 24 h except of 

day 4 (Table 3), until no fresh hatchlings were found in the boxes.  

Table 3 – Experimental time plan for egg storage at three different temperatures and for 
two different durations. Incubation took place at 30°C and ~65% relative humidity 

Day 1 2 3 4 5 6 7 8 9 10 11 12 

Harvest  x x  x x x x x  x x 

Control Incubation, 30 °C  

3-days 
storage 

Storage, 12°C Incubation, 30 °C  

Storage, 15°C Incubation, 30 °C  

Storage, 18°C Incubation, 30 °C  

7-days 
storage 

Storage, 12°C Incubation, 30 °C 

Storage, 15°C Incubation, 30 °C 

Storage, 18°C Incubation, 30 °C 

 

Additionally, one control treatment was carried out in three replicates. Therefore, eggs 

were incubated in the plastic containers immediately without a prior storage period.  

For the harvest process, the ring as well as the cardboards were removed from the box. 

The neonates were carefully wiped off the rings, cardboards and inner container surfaces 

using a very soft makeup brush (Powder Brush, Wet N Beauty). Collected neonates were 

then weighed with an analytical balance (SM 6215i, VWR International, Radnor, USA for 

assessing the hatching rate. Next, ring and cardboards were placed back in the 

container, the lids were sprayed with water, the containers were closed and placed back 

in the climate chamber, in case of further incubation needed. 

The hatching rate was calculated by dividing the total number of harvested neonates by 

the total number of eggs. Considering that 1g of neonates contains 50,000 individuals 

and a single egg weighs 2.5 * 10-5 g. 

𝑡𝑜𝑡𝑎𝑙 𝑔𝑟𝑎𝑚𝑠 𝑜𝑓 𝑛𝑒𝑜𝑛𝑎𝑡𝑒𝑠 ∗ 50000

𝑔𝑟𝑎𝑚𝑠 𝑜𝑓 𝑒𝑔𝑔𝑠
0,000025⁄
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 Experiment 4: Influence of temperature and duration for neonates 

storage  

Little transparent plastic containers (10.5 cm x 7 cm x 3 cm) were loosely filled with soy 

pulp and placed at 30 °C overnight before the start of the experiment. The next day, 1 g 

of neonates 0 to 24 h old (~ 50,000 larvae) was placed in each container, on top of the 

soy pulp. The boxes were closed, and sealed in plastic bag, and placed in climate 

chambers set at three different temperatures: (12, 15, 18 °C), for three different storage 

durations (1, 3, 7 days; Table 4). Each treatment was carried out in three replicates.  

After the storage period, the larvae were transferred together with the soy pulp residues 

to new plastic containers, for incubation at 30 °C and around 40 % RH. These containers 

were filled with 1,000 g of pig feed (30 % DM) and a top layer of 300 g soy pulp. On the 

fifth day of incubation, another 500 g of pig feed were added to each replicate.  

Additionally, a control treatment of three replicates was carried out, where the larvae 

were not stored but incubated directly after hatching. After 6 to 7 days of incubation, the 

larvae were sieved and the total weight as well as the single larval weight were 

determined. Out of these, the total number of larvae and therefore the survival rate was 

calculated.  

On the fifth day of incubation, all treatments except one were fed with 500 g of additional 

pig feed (Table 4). Merely, the hatchlings stored at 18 °C for 7 days had not eaten the 

feed, which had become solid and unconsumable. Thus, only 300 ml of water were 

added, and the feed was slightly homogenized with a spoon to distribute the water and 

therefore, make the feed available again. 

Table 4 – Experimental time plan for storage of neonates at different temperatures (12, 
15, 18 °C) and for two different durations (3, 7 days). Rearing (R) took place at 30 °C and  

~ 40 % relative humidity. 

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Control Rearing Fed Rearing  

1-day 
storage 

12°C Rearing Fed Rearing  

15°C Rearing Fed Rearing  

18°C Rearing Fed Rearing  

3-day 
storage 

Storage, 12°C Rearing Fed Rearing  

Storage, 15°C Rearing Fed Rearing  

Storage, 18°C Rearing Fed Rearing  

7-day 
storage 

Storage, 12°C Rearing Fed R 

Storage, 15°C Rearing Fed R 

Storage, 18°C Rearing H2O R 
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 Experiment 5: Influence of larval age and temperature for storage  

This experiment was carried out to investigate differences in the survival rate between 

freshly hatched and 2-DOL after three days of storage at tree different temperatures. 

1.5 g of freshly hatched larvae per replicate were separated into two groups according 

to the treatment. One group was stored in coated cardboard tubes (4 cm x 9 cm) filled 

with loose soy pulp for 3 days in the respective storing temperature of 12, 15 or 18 °C 

immediately after being harvested. Prior to the storage period, the second group was 

reared in small transparent plastic containers (10.5 cm x 7.0 cm x 5.0 cm) at 30 °C for 2 

days in a medium containing the following layers, from top to bottom: a layer of loose 

soy pulp (50 g, 11 °C), rice flour (2.5 g), honey/ water mixture (25 ml, 50 %), compressed 

soy pulp (50 g, 29 to 31 °C). 

After 2 days of rearing, also the second group of larvae were stored at 12, 15 or 18 °C 

for 3 days. For storage, the larvae were kept in the same container used for rearing, 

which was closed with a lid and sealed in plastic. After 3 days of storage, all treatments 

were incubated at 30 °C and 40 % RH, for 5 days (Table 5). Additionally, a control 

treatment, where the larvae were not stored but incubated directly after hatching, was 

carried out, all treatment had occurred in three replicates. After rearing, the larvae were 

separated from the residue, weighed in total and sampled three times. From each 

sample, the average single larval weight was calculated and the mean of the three 

samples per incubation container was used to determine the total number of larvae and 

therefore the survival rate.  

Table 5 – Experimental time plan for storage of neonates and 2-days old larvae at 
different temperatures (12, 15, 18 °C) and for 3 days. Rearing took place at 30°C and 

~40% relative humidity. 

Day 1 2 3 4 5 6 7 8 9 10 11 

Control Rearing  

NN-12 12 °C Rearing  

NN-15 15 °C Rearing  

NN-18 18 °C Rearing  

2DOL-12 Rearing 12 °C Rearing 

2DOL-15 Rearing 15 °C Rearing 

2DOL-18 Rearing 18 °C Rearing 
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 Experiment 6: Influence of temperature and duration for pupae storage  

Pupae were obtained from the Hermetia Baruth GmbH reproduction cycle. Therefore, 

larvae were reared for 11 to 14 days and pupae selected when they turned dark and 

stopped moving completely. The pupae were divided into groups of 500, which were 

stored inside little plastic containers (10.5 cm x 7.0 cm x 5.0 cm), covered with a 

perforated lid to ensure gas exchange. The storage took place in climate chambers with 

a RH of 60 %. Two factors were varied with three replicates for each treatment: A storage 

duration of 3 or 7 days and a storage temperature of 12, 15 or 18 °C. An additional control 

treatment without storage was carried out in parallel (Table 6).  

Table 6 – Experimental time plan for pupae storage at 3 different temperatures for 2 
different durations. The relative humidity was kept at 60 %.  

Day 1 2 3 4 5 6 7 8 9 10 11 12 

Control Incubation 30 °C        

3d-12 12 °C Incubation 30 °C     

3d-15 15 °C Incubation 30 °C     

3d-18 18 °C Incubation 30 °C     

7d-12 12 °C Incubation 30 °C 

7d-15 15 °C Incubation 30 °C 

7d-18 18 °C Incubation 30 °C 

 

After the storage period, the pupae were transferred into plastic containers (10.5 cm x 

15.0 cm x 11.5 cm), covered with gaze. These boxes were incubated at 30 °C until no 

flies emerged anymore. During the incubation time, the emerged adult flies were counted 

and removed daily.  

 Experiment 7: Impact of transport conditions for egg shipment  

This experiment was meant to investigate the impact of uncontrollable conditions during 

egg transport on their hatching rate. The eggs were produced at the Hermetia production 

site in Baruth, DE at 28.3 ± 0.5 °C and 49.9 ± 4.0 % RH. They were sent from Hermetia 

Baruth GmbH (Baruth, DE) to Bioflytech (Fuente Álamo, ES), using a conventional 

shipping service, which took 45 h (~ 2,500 km). 

Eggs were oviposited in cardboards placed outside the fly cages (at Hermetia). These 

cardboards were assembled in groups of circa 50 g of eggs each, wrapped into two 

layers of moistened paper towels, packed into a sealed plastic bag and placed into 

Styrofoam boxes (Figure 4). Two treatments with a control were tested in three replicates 
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each: Shipment with and without a heat pack. For the control, the eggs were not shipped 

but incubated immediately from the start of the experiment.  

 

Figure 4 – System for shipping eggs. 

After arrival, the cardboards containing the eggs were placed inside a plastic container 

(40 cm x 30 cm x 25 cm), on top of a ring (polyvinyl chloride, 10 cm x 6 cm). This container 

was placed inside a climate chamber at 30 °C and 65 % RH. For the following days, 

freshly hatched neonates were harvested (see chapter 2.3) and weighed with an 

analytical balance (SM 6215i, VWR International, Radnor, USA) daily, until no hatching 

occured anymore.  

 Experiment 8: Impact of transport conditions for pupae shipment  

Pupae were taken from the Hermetia Baruth reproduction cycle. Larvae were reared for 

7 days and pupae selected when they turned dark and stopped moving completely. Six 

plastic containers (10.5 cm x 7.0 cm x 5.0 cm) were filled with 500 pupae each. Every 

box was transferred into a Styrofoam box, three of them including a heat pack (HeatPaxx, 

Heatpack M). The parcels were shipped from Baruth to Berlin (DE, ~ 65 km) with a 

conventional shipping service, which took 24 h. When they arrived, the larvae were 

immediately transferred into plastic containers (10.5 cm x 15.0 cm x 11.5 cm) and placed 

at 30 °C for incubation. An additional control treatment was taken from Baruth to Berlin 

in a tempered car and incubated right after arrival. The experimental time plan can be 

seen in Table 7. During the incubation period, emerged adult flies were counted and 

removed daily.  

Table 7 – Experimental time plan for pupae shipment (ship) trial with or without an 
additional heat pack. Incubation took place at 30 °C. 

Day 1 2 3 4 5 6 7 8 9 

Control Incubation  

With Heat pack ship Incubation 

Without Heat Pack ship Incubation 
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 Statistical analyses 

Statistical analyses were carried out using the software R 4.0.3 (The R Foundation for 

Statistical Computing, 2020). Shapiro-Wilk test was used for investigation of data distri-

bution. Significant differences between treatments were determined using Kruskal-Wallis 

test followed by Dunnet’s test for non-normally distributed data or analysis of variance 

(ANOVA) followed by Tukey’s honestly significant difference (HSD) test for normally dis-

tributed data. Correlation tests were carried out in the method of Spearman for non-

normally distributed data and the method of Pearson for normally distributed data. 

  



 
 
 
 

 
19 

Report on storage and transport conditions 

of insect eggs 

 

3. Results 

 Experiment 1: Influence of relative humidity for egg storage  

The main result of the presented study is the total percentage of hatchability of the dif-

ferent treatments (from T1 to T16), under which eggs were kept for 1 or 3 days (Figure 

5). 

 

Figure 5 – Total percentage of hatchability of the treatments incubated at 25 or 30 °C and 
35, 50, 65 or 80 % relative humidity for 1 or 3 days.  

When the percentage of hatchability is compared between the different RH (35 %, 50 %, 

65 % and 80 %) of the two temperatures (25 ºC and 30 ºC), it can be observed that there 

are significant differences between the experimental groups, both in case of 1 and 3 days 

in climate chamber incubation (data from treatments in climate chamber taken together). 

In the case of 1 day in climate chamber, there are significant differences in the hatching 

rate under laboratory conditions between day 1 and day 2/3, and between day 3 and 

day 4. The maximum hatching rate was observed on day 3 (Figure 6). However, in case 

of 3 days of egg incubation, more variability can be observed in hatching at day 4 in 

incubation. The maximum hatching rate is observed in day 2 of incubation. The hatching 

rate on day 4 is similar to this after 1 day of incubation. 
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Figure 6 – Hatching rate of 1 or 3 day climate chamber incubation process in different 
temperatures and relative humidities (data combined). Data are shown as means ± 
standard deviation (n = 8). Different letters indicate significant differences between 
treatments of same chamber incubation: Lower case for 1 day chamber incubation; 

upper case for 3 day chamber incubation (p < 0.05). 

Figure 7 and Figure 8 present the hatching rate from day 1 to day 4 of incubation under 

laboratory condition divided into treatment used in climate chamber for 1 and 3 days, 

respectively. 

 

Figure 7 - Hatching rate of eggs stored at 25 or 30 °C and 35, 50, 65 or 80 % relative 
humidity for 1 day. Data are shown as means ± standard deviation (n = 3). 
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Figure 8 - Hatching rate of eggs stored at 25 or 30 °C and 35, 50, 65 or 80 % relative 
humidity for 3 days. Data are shown as means ± standard deviation (n = 3). 

 Experiment 2: Influence of temperature for egg storage I  

All results are summarized in the following tables. The numbers of hatched neonates are 

summarized in Table 8 and the numbers of larvae are summarized in Table 9. 

 
Table 8 – Number of hatched neonates during incubation at 30 °C 

(T1, T3, T5: 1 day; T2, T4, T6: 3 days). 

 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Total 

T1 
296 

 ± 107 
444 

 ± 189 
52,736 
 ± 6,286 

3,898 
 ± 280 

103 
 ± 15 

- - 
57,477 
 ± 6,612 

T2   13,903 
 ±1,071 

4,993 
 ± 71 

83 
 ± 13 

45 
 ± 21 

15 
 ± 3 

19,039 
 ± 1,603 

T3 
778 

 ± 322 
1,738 
 ± 389 

12,502 
 ± 187 

19,934 
 ± 187 

842 
 ± 199 

21 
 ± 8 

- 
35,816 
 ± 980 

T4   1,634 
 ± 423 

818 
 ± 229 

42,228 
 ± 3,4,5 

2,757 
 ± 302 

46 
 ± 19 

47,482 
 ± 3,358 

T5 
93 

 ± 25 
653 

 ± 248 
1,552 
 ± 373 

23,546 
 ± 853 

1,768 
 ± 208 

29 
 ± 6 

- 
27,642 
 ± 1,093 

T6   33 
 ± 14 

43 
 ± 15 

34 
 ± 9 

- - 
110 
 ± 10 

 
Table 9 – Number of larvae during incubation at 30 °C 

(T1, T3, T5: 1 day; T2, T4, T6: 3 days). 

 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Total 

T1 
377 
 ± 96 

420 
 ± 152 

53,649 
 ± 8.758 

6,656 
 ± 2.580 

328 
 ± 225 

- - 
61,429 
 ± 8,823 

T2   45,200 
 ± 16,416 

7,540 
 ± 724 

324 
 ± 178 

6 
 ± 1 

- 
53,070 

 ± 15,973 
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T3 
394 
 ± 74 

518 
 ± 104 

31,347 
 ± 1,241 

41,137 
 ± 3,213 

396 
 ± 88 

30 
 ± 8 

- 
73,822 
 ± 2.651 

T4   277 
 ± 53 

194 
 ± 63 

75,880 
 ± 6,131 

4,138 
 ± 1,512 

156 
 ± 113 

80,645 
 ± 5,488 

T5 
1 

 ± 1 
211 
 ± 91 

1,620 
 ± 375 

37,213 
 ± 4,842 

1,021 
 ± 440 

62 
 ± 27 

- 
40,128 
 ± 5,647 

T6   0 0 
7 

 ± 9 
- - 

7 
 ± 9 

 

In order to compare the treatments, T1, T3 and T5 (1 day of incubation) were analysed 

separately. A total of 57,477 neonates hatched in T1, 35,816 in T3 and 27,642 in T5. T1 

(30°C, 60 % RH) obtained the highest number of hatched neonates after 3 days of incu-

bation (91.75 % from the total hatchlings). T3’s highest number of hatched neonates was 

obtained at day 4 (55.66 %), followed by day 3 (34.91 %). Lastly, T5 obtained its highest 

number (85.18 %) at day 4 (Figure 9). 

 

Figure 9 – Number of hatched neonates of T1, T3 and T5 (1 day of incubation). Data are 
shown as means ± standard deviation (n = 3). Different letters indicate significate 

differences between the treatments for each day (p < 0.05). 

Regarding T2, T4 and T6 (3 days of incubation), a total of 19,039 neonates hatched in 

T2, 47,482 in T4 and 110 in T6. T2 obtained its highest number on day 3 (73.03 %) and 

T4 on day 5 (88.93 %) (Figure 10). 
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Figure 10 – Number of hatched neonates of T2, T4 and T5 (3 days of incubation). Data are 
shown as means ± standard deviation (n = 3). Different letters indicate significate 

differences between the treatments for each day (p < 0.05). 

With respect to the number of larvae, a total of 61,429 larvae were obtained in T1, 73,822 

in T3 and 40,128 in T5. In T1, 87.34 % of all larvae were concentrated in day 3, while T3 

had 55.73 % of all larvae in day 4 and 42.46 % in day 3 (total of 98,19%). In T5, 92.73 % 

of larvae were found in day 4 (Figure 11). 

 

Figure 11 – Number of larvae of T1, T3 and T5 (1 day of incubation). Data are shown as 
means ± standard deviation (n = 3). Different letters indicate significate differences 

between the treatments for each day (p < 0.05). 

a

a

a a
b b

b

b
b b a a

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

1 2 3 4 5 6 7

N
u
m

b
e
r 

o
f 

h
a
tc

h
e
d
 n

e
o
n
a
te

s

Days

T2

T4

T6

a

a

b

b

c

b

0

10,000

20,000

30,000

40,000

50,000

60,000

70,000

1 2 3 4 5 6

N
u
m

b
e
r 

o
f 

la
rv

a
e

Days

T1

T3

T5



 
 
 
 

 
24 

Report on storage and transport conditions 

of insect eggs 

 

 

Figure 12 – Number of larvae of T2, T4 and T6 (1 day of incubation). Data are shown as 
means ± standard deviation (n = 3). Different letters indicate significate differences 

between the treatments for each day (p < 0.05). 

Lastly, a total of 53,070 larvae were obtained in T2, 80,645 in T4 and 7 in T6. In T2, 

85.17 % of all larvae were concentrated in day 3, while T4 had a 94.09 % of all larvae in 

day 5. There was barely survival in T6 (Figure 12). 

Regarding the survival rate for neonates, the highest percentage was obtained in T1. 

Meanwhile, the lowest was obtained in T6 (Table 10). The highest survival rate for larvae 

was obtained in T4, whereas the lowest was in T6 (Table 11). 

Table 10 – Survival and mortality rate of the neonates. 

Treatment No hatchlings (100 %) % survival % mortality 

T1 30 °C – 1d 111,111 51.73 48.27 

T2 30 °C – 3d 111,111 17.13 82.87 

T3 20 °C – 1d 111,111 32.23 67.77 

T4 20 °C – 3d 111,111 42.73 57.27 

T5 6 °C   – 1d 111,111 24.88 75.12 

T6 6 °C   – 3d 111,111 0.10 99.90 

 

Table 11 – Survival and mortality rate of the larvae. 

Treatment No hatchlings (100 %) % survival % mortality 

T1 30 °C – 1d 111,111 55.29 44.71 

T2 30 °C – 3d 111,111 47.76 52.24 

T3 20 °C – 1d 111,111 66.44 33.56 

T4 20 °C – 3d 111,111 72.58 27.42 

T5 6 °C   – 1d 111,111 36.12 63.88 

T6 6 °C   – 3d 111,111 0.01 99.99 
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 Experiment 3: Influence of temperature for egg storage II  

The hatching rate was significantly affected by both temperature and duration of storage 

including their interaction. It was inversely proportional to the duration of storage and 

was best at the highest temperature considered here. The hatching rate in the control 

group was 62.5 ± 7 %, which was not significantly different from eggs stored at 15 and 

18 °C for 3 days (Figure 13). After 7 days of storage, eggs kept at 18 °C did not differ 

from eggs stored at the same temperature for 3 days, yet the hatching rate was 

significantly lower than in the control. Eggs stored at 12 °C had the lowest hatching rate 

with no survival for storage of 7 days. In the latter treatment, eggs appeared collapsed 

under the stereomicroscope. The emergence distribution shown in Figure 13 displays 

when neonates were harvested. In the control treatment most hatchlings were harvested 

after 2 to 3 days of incubation at 30 °C. When opening the storage boxes after the 

storage period, almost no hatchlings were found when eggs were stored for 3 days. 

Whereas, 5 and 32 % of the total yield was present in the boxes stored for 7 days at 15 

and 18 °C, respectively (Figure 14). 

 

Figure 13 – Hatching rate of eggs stored at 12, 15 or 18 °C for 3 or 7 days, respectively. 
Data are shown as means ± standard deviation (n = 3). Different letters indicate significant 
difference between treatments (p < 0.05). 
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Figure 14 – Daily hatched larvae after storage in 12, 15 or 18 °C for 3 or 7 days over the 
complete experiment process. The hatching is shown as daily percentage of total. Data 

are shown as means (n = 3). 

 Experiment 4: Influence of temperature and duration for neonates 

storage  

In this experiment, freshly hatched neonates were stored in different temperatures (12, 

15, 18 °C) for different durations (1, 3, 7 days), and their survival rate was determined. 

Statistical analyses showed a highly significant impact of the storage duration on the 

survival rate, as can also be seen in Figure 15. This finds agreement in a highly 

significant correlation between storage duration and survival. While after 1 day of 

storage, all temperature treatments showed no difference to the control, after 3 days that 

was only the case in 15 °C. After 7 days, a clear difference to the control can be 

observed. Moreover, the 15- and 18-°C treatments showed significantly different survival 

rates compared to the respective 1-day-storage treatments. A trend can also be seen for 

a difference between storage of 1 and 3 days in 12 °C). 

Considering the storage temperature, no significant impact on survival rate could be 

found. Among all three groups of different storage durations, there are no differences 

between the different temperature treatments. Nevertheless, a correlation can be 

assumed among the 7-days-storage group, which finds agreement in a correlation test. 
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Figure 15 – Survival rate of neonates after storage for 1, 3 or 7 days in 12, 15 or 18 °C and 

subsequent rearing at 30 °C. Control treatment was not stored but reared immediately. 
Data are shown as means ± standard deviation (n = 3). Letters above bars indicate 

significant differences (p < 0.05). 

 Experiment 5: Influence of larval age and temperature for storage  

This experiment was a first step in finding the optimal larval life stage for transport. 

Therefore, the shipments of freshly hatched neonates and 2-DOL were compared 

considering their survival rate after shipment and subsequent rearing in 30 °C. 

A significant impact on survival rate could neither be found in storage temperature nor in 

storage duration. In contrast, the larval age has a highly significant impact ,which can 

clearly be seen in Figure 16. 
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Figure 16 – Survival rate of larvae of different initial age (NN = neonates, 2DOL = 2-days-
old larvae) stored for 3 days in different temperatures (12, 15, 18 °C). Data are shown as 

means ± standard deviation (n = 3). Different letters indicate significant differences 
between treatments (p < 0.05). 

 

 Experiment 6: Influence of temperature and duration for pupae storage 

Figure 17 – Accumulated flies emerged after incubation at 30 °C started, shown as 
percentage of number of pupae (n = 499 ± 3). Data are shown as mean ± standard 

deviation (n = 3). 

Figure 17 reveals that pupae stored for 7 days show earlier emergence than the other 

treatments considering time of incubation. In contrast to all other treatments, those with 

storage at 15 or 18 °C for 7 days already had flies when the incubation started. They 
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also had over 50 % emerged after 4 days. Reaching this took one additional day of 

incubation in the storage of 3 days and another day longer for the control treatment.  

 

Figure 18 – Total emergence rate after storage of pupae at 12, 15 or 18 °C for 3 or 7 days. 
Data are shown as mean ± standard deviation (n = 3). Letters above bars indicate 

significant differences between treatments (p < 0.05). 

Figure 18 shows the total emergence rate of each treatment. The treatment as 

combination of storage temperature and duration showed a significant effect on the 

emergence rate. However, the stored treatments did not develop significantly more or 

less flies than the control treatments).  

The storage temperature showed a slightly significant overall impact. In Figure 18, this 

effect becomes observable in the difference from the 12-°C-storages to the 15- and 18-

C°-storages; as a visual trend for the 3-days-storage and as a significant difference for 

the 7-days-storage.  

In contrast to the temperature, the storage duration has no significant effect on the 

emergence rate. The only significant difference between treatments of same storage 

temperature for different durations occurred between the 15-°C-treatments. Only within 

these treatments, a significant positive correlation between the emergence rate and the 

storage duration was existent.  
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 Experiment 7: Impact of transport conditions for egg shipment  

Temperatures inside the shipped packages were tracked during the transport from Ger-

many to Spain. For the treatments with heat pack the temperatures were between 13.5 

and 28.1 °C (18.5 ± 2.9 °C). Without heat pack, the temperatures were a little lower 

between 10.8 and 21.4 °C (14.8 ± 2.2 °C). 

Assuming the weight of one egg as 2.5 * 10-5 g and of one neonate as 2.0 * 10-5 g, the 
control treatment showed a hatching rate of 69.6 ± 4.7 %, whereas the shipped 

treatments reached only 53.7 ± 0.6 % with heat pack and 58.2 ± 0.5 % without a heat 
pack, respectively ( 

Figure 19). The statistical tests showed that the treatment had a significant impact on 

the emergence of the eggs. Moreover, not only the transport itself but also the use of a 

heat pack were shown to negatively affect the total number of neonates hatched from 

the eggs.  

 

Figure 19 – Total emergence rate after incubation of 7 days in 30 °C and around 40 % 
humidity. Data are shown as mean ± standard deviation (n = 3). Different letters indicate 

significant differences (p < 0.05). 

Figure 20 shows the development and therefore the distribution of the emergence over 

the incubation period in the shipped and the control treatment. While in the control 

treatment, neonates were found already after 2.5 days of incubation, that was the case 

for the shipped treatments only half a day later. In all treatments, the bulk of emergence 

occurred until incubation day 5. 
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Figure 20 – Development of accumulated emergence rate over incubation period (30 °C, 
40 % humidity). Data are shown as means (n = 3). 

 Experiment 8: Impact of transport conditions for pupae shipment  

The shipment of pupae from Baruth to Berlin, Germany (~ 65 km) took 24 h. Data on the 

temperature in the packages during transport are not available. 93 ± 2 % of the control 

treatments’ pupae emerged within ten days of incubation. The emergence rates for the 

shipped pupae of 90 ± 3 % (with heat pack) and 91 ± 3 % (without heat pack) might give 

the impression that the shipment has a negative effect. Yet, the differences were not 

significant. Neither the transport itself nor the use of a heat pack showed impact on the 

total flies emerged.  

The emergence of the control treatment seems to be shifted by up to one day, compared 

to the shipped pupae (Figure 21). While the shipped treatments showed the highest 

emergence rate between day 4 and 5 (without heat pack: 39 ± 2 %, with heat pack: 34 ± 

1 %), for the control treatment that was the case after one additional day (41 ± 3 %). It 

must be kept in mind that the control pupae already were incubated at 30 °C for one day, 

while the rest was in transit under uncontrolled conditions. In all treatments, the bulk of 

emergence (> 99 % of total emergence) was finished until day 7. 
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Figure 21 – Accumulated flies emerged after incubation started, shown as percentage of 
number of pupae (n = 498 ± 2). Data are shown as means (n = 3). 
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4. Discussion 

The first experiment presented herein determines that the RH is a key factor for 

favourable egg eclosion. It has been seen in other insect species that low RH can prevent 

the development of the embryo and the hatching of the eggs due to desiccation (Guarneri 

et al., 2002). This is to be expected, as RH and temperature play an important role in the 

physiology, development, longevity and oviposition of many insects (Norhisham et al., 

2013). Here, a straightforward response of successful hatching rate to the increase of 

RH during storage was found, which is in line with the data shown by (Holmes et al., 

2012). Moreover, this effect was proportional to the time of exposure, with greater 

hatching rate when the RH was kept high for longer time. In fact, the highest hatching 

rates were observed in eggs incubated for 3 days at 80 % RH, with no significant 

differences between the tested temperatures yielding 89 and 88 % survival rate for 25 

and 30 °C, respectively. Additionally, when the incubation time at 80 % RH was reduced 

to 1 day, with consequent egg incubation at lower RH, the survival rates decreased to 

78 and 85 % for the mentioned temperatures. On the other hand, when incubation 

occurred at low RH, a short treatment time resulted in a higher survival rate. Although 

the different temperatures did not influence the survival rate, they affected the hatching 

distribution: A higher proportion of neonates was collected earlier when eggs were 

incubated at 30 °C than when exposed to 25 °C. Thus, for storage or transportation of 

BSF eggs, it is paramount to maintain a high level of RH. Nevertheless, the temperature 

should be lowered to avoid egg eclosion during storage or delivery. 

Considering the above, the second experiment used a similar setup to assess the 

hatching rate. Though, in this case, the effect of temperature at constant RH was tested. 

With regards to the replicates quantified by Imagine J Analysis, the highest survival rate 

was found in treatment T1 validating the fact that 30 °C are optimal for BSF egg eclosion. 

As expected, when eggs were stored for 3 days in the same conditions (T2), the survival 

deeply decreased to 17.1 %. The reason might be that boxes were not opened during 

storage and either eggs desiccated, or the lack of aeration caused eggs’ collapse. A 

different scenario was seen, when eggs were stored at 20 °C, where the survival rate 

was higher in the longer storage treatment. In this case, the metabolic rate of the 

embryos may have been sufficiently reduced enabling a regular embryo development 

despite the lack of fresh air. At 6 °C, almost no hatchlings were found, when eggs were 

incubated for 3 days, indicating that this temperature was not suitable for successful egg 

development. Still, part of eggs succeeded to enclose, when exposed to 6 °C for 1 day 
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only underling that the tolerance to low temperatures is negatively correlated to the time 

of exposure (Villazana and Alyokhin, 2019). Comparing the neonates’ to the larvae’s 

survival rate, it was found that the survival rate was higher in the latter in all treatments. 

This might have occurred, since the addition of feed in the container increased the RH 

preventing desiccation. Lastly, we proved that, along with high RH, temperature has a 

strong impact on egg storage and transportation. Particularly, it should be maintained in 

a range, in which the insect’s metabolism is slowed, yet does not harm its development. 

In the third experiment, a smaller range of temperatures was tested for the survival of 

BSF eggs. Additionally, a longer storage time was considered. The hatching rate of the 

control group equal to 62.5 % was in line with previous studies confirming that 30 °C is 

the optimal temperature to incubate eggs. All treatments with egg storage showed a 

lower hatching rate than the control. Nevertheless, when eggs were stored for 3 days at 

either 15 or 18 °C, the amount of harvested neonates was not significantly inferior from 

the control group indicating that both temperatures are suitable for storage and 

transportation for a limited time. On the other hand, 12 °C showed a significant reduction 

of hatching rate compared to the other treatments with the same storage period. The 

temperature model run by (Chia et al., 2018) indicates that the lower temperature 

threshold of eggs is 13.65 °C explaining the severe negative impact of egg storage at 

12 °C. The partial survival of eggs stored below the threshold temperature might be 

caused by the different developmental stages of eggs used in the experiment. In fact, 

different developmental stages have distinct tolerance to chill temperature; thus, the 

developmental stages most resistant to low temperature succeed to eclose (Leopold and 

Rinehart, 2010). Eggs used in this experiment were laid in a time frame of 48 h; so 

different developmental stages were present explaining the survival. (Villazana and 

Alyokhin, 2019) also found some survival after incubating eggs at very low temperatures, 

yet the survival rate was correlated to the time of exposure. In this experiment, when 

BSF eggs were incubated at 12 °C for 7 days, almost no larvae were harvested, and 

under the stereomicroscope eggs appeared collapsed. After 7 days, eggs stored at 18 °C 

had a hatching rate of 44.6 % decreasing to 28.3 % for storage at 15 °C. Although this 

difference was not significant, due to a large deviation in treatment 7d-18 (Figure 13), 

18 °C seems to be the best temperature to store eggs for longer periods or for shipment 

over a long distance. Even so, compared to the control group, eggs incubated at 18 °C 

for 7 days yielded 28.64 % less neonates. Chia et al., 2018 showed that successful egg 

eclosion is proportional to the incubation temperature reaching its optimum at 30 °C. 

Despite this, it is not feasible to store eggs at 30 °C because of the short duration of egg 

eclosion. The mean duration of eclosion of BSF eggs is 3.5 days at 30 °C and 8 days at 
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20 °C (Chia et al., 2018). Looking at the eclosion distribution in this study, after 7 days 

at 18 °C, 32 % of the total harvested neonates were already present in the boxes (Figure 

14). The difference to that experiment might occur because eggs used here were 0 to 

48 h old whereas Chia et al 2018 used 1 h old eggs. Assessing the vitality of these 

neonates under the stereomicroscope, we determined that at least 70 % were alive. 

Correcting the hatching rate for this factor, 7d-18 resulted in a hatching rate of 40.3 % 

showing still the best conditions to store eggs over a long period. Longer egg storage 

might be possible at lower temperatures at the expenses of a lower survival hatching 

rate (Chia et al., 2018). 

In the fourth experiment, the same abiotic conditions as in the previous experiment were 

tested, but in this case, neonates (0 to 24 h old larvae) were used to assess how different 

life stages respond to the given abiotic conditions. After 1 day of storage, the neonates 

showed no negative effect in any of the tested temperatures indicating that the range of 

temperature between 12 and 18 °C is suitable for temporary storage or express 

shipment. With storage time increased to 3 days, a significant increase in mortality was 

found in the treatments exposed to 12 and 18 °C in comparison to the control group. 

Nevertheless, among the treatments stored for 3 days no significant difference was found 

in survival rate ranging from 83 to 91 % for 12 and 15 °C, respectively (Figure 15). In all 

tested temperatures, the hatchling survival highly decreased when stored for 7 days 

highlighting the strong effect of storage duration. (Chia et al., 2018) showed that 15 °C 

are suitable for the full development of the larvae yielding survival rates between 82 and 

87 %. Here, 15 °C showed the highest survival for 1 and 3 days of storage, but after 

7 days, mortality was higher than in 12 °C, similarly to the treatment of 18 °C. On the 

contrary, hatchlings stored at 12 °C for 1 or 3 days showed the lowest survival rate and 

a higher variation compared to the treatments of respective storage time but different 

temperature. The lowest threshold temperature of BSF larvae is between 10.4 ± 1.7 and 

12.2 ± 1.4 °C with the later larval instars being more cold tolerant (Chia et al., 2018; 

Spranghers et al., 2017). It is possible that 12 °C is too cold for neonates and causes 

mortality via chilling injuries (Overgaard and MacMillan, 2017). On the other hand, 

temperatures of 15 or 18 °C are not low enough to stop the metabolism of the neonates. 

Therefore, the respective treatments’ higher mortality after 7 days of storage might be a 

result of their depleted energy reservoir (Ratte HT, 1985). To prolong the storage of 

hatchlings, it would be interesting to test temperatures between 12 and 15 °C. 

Additionally, it would be relevant to verify the effect of fluctuating temperature. When 

exposed to fluctuating thermal regimes, insects can recover chilling injuries providing an 

opportunity to extend the storage time (Koštál et al., 2007; Lalouette et al., 2011). This 
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aspect is most relevant for shipping conditions where abiotic conditions are expected to 

fluctuate. 

In conclusion, storing neonates for 3 days at 15 °C showed no significant difference in 

the survival rate compared to the control group, indicating the optimal temperature to be 

maintained during transportation. Over longer storage time lower temperatures are 

preferred nonetheless high mortality is predicted. 

Similarly to the previous experiment, the fifth study compared the performance of 

different BSF life stages to different temperatures. The results of neonates are in line 

with the previous experiment confirming its outcome. Differently from the hypothesis, the 

storage of 2-DOL performed significantly worse than the storage of neonates. Due to the 

higher tolerance to low temperature of older larvae, it was assumed that the mortality of 

2-DOL would be inferior to the neonates’ when exposing to 12 °C. To increase the chilling 

tolerance, it can be necessary to rear the neonates for longer time reaching at least the 

third larval instar. However, all treatments with 2-DOL showed a very low survival range 

from 17 to 20 %. Hence, high mortality in these treatments could occur due to other 

factors rather than chilling injuries. First, larvae might have died during the 2 days of 

growth prior to storage. Survival after this short rearing period was not measured. 

However, such eventuality did not transpire from visual assessment under the 

stereomicroscope. Secondly, since larvae were not separated from the rearing residue 

for storage, the actual storage temperature may not have decreased fast enough in the 

substrate. Consequently, the larval metabolism did not lessen quickly, and since the 

storage container was sealed, impeding aeration might have caused suffocation. 

In the pupae storage experiment, all treatments showed higher survival rates then found 

by (Chia et al., 2018). This may be explained by the fact that in this experiment, healthy 

pupae were carefully selected to properly assess the effect of storage. Contrary to the 

12-°C-treatments, the pupae stored in 15 or 18 °C showed no significantly reduced 

emergence rate compared to the control treatment. A comparison with the findings in the 

storage of eggs and neonates exposed to the same conditions clearly shows that with a 

maximum decrease of 4 % pupae are more tolerant to low temperatures, which is in 

accordance to the outcome of (Spranghers et al., 2017; Villazana and Alyokhin, 2019). 

Analysing the emergence distribution, it is evident that pupae kept developing during 

storage at 15 or 18 °C, since flies emerged earlier than in the control group. Moreover, 

the earlier emergence was proportional to the duration of storage. A lesser to no 

anticipation of emergence was seen in storage at 12 °C. The lowest threshold 

temperature of BSF pupae ranges from 10.7 ± 2 to 13.3 ± 2 °C (Chia et al., 2018). Hence, 
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12 °C did not allow pupae to accumulate a substantial number of degree days and 

therefore, pupation time was not reduced in comparison to the control. Additionally, it 

was found that for all treatments the bulk of emergence occurred until day 5 to 6 of 

incubation. It was concluded that maintaining the temperature range considered here is 

suitable for storage or transport of pupae for up to 3 days. Nevertheless, when longer 

storage or transportation time is required, the temperature should be maintained above 

12 °C to avoid increase in mortality. Lastly, 7 days appear to be the maximum storage 

duration for pupae kept at 15 or 18 °C, since after this time flies start to emerge.   

The shipment of the pupae showed no significant impact on the emergence rate after 

incubation for 10 days. Since no data about the temperatures during transport are 

available, it can only be assumed that the difference in temperature might have been 

small between the treatments. From previous experiments at Hermetia (unpublished) it 

is known that transport packages with a heat pack can reach up to 32 °C decreasing to 

around 18 °C within 24 hours. Without a heat pack, the temperatures showed the same 

trend, but around 3 °C colder. Assuming these as the conditions for the here shown 

transport experiment, the temporarily decreased temperature might have caused lower 

emergence rates for the shipped pupae. (Chia et al., 2018) found the highest survival 

meaning emergence rates for pupae at 30 °C, which was chosen as temperature for 

incubation in this experiment. Therefore, the control treatments’ pupae were in the 

optimal condition from the first day on explaining the slightly higher emergence rates. 

Nevertheless, the differences were not significant. The reasons can be seen in the short 

transport period of only 1 day and the use of Styrofoam boxes, which should reduce a 

rapid decrease in temperature.  

Concerning the developmental time, no difference between the two shipment treatments 

occurred, but the control treatments’ pupae seemed to develop a little slower. Here, the 

time of incubation was considered and therefore, the pupae in the control treatment 

started incubation one day earlier than the shipped pupae. Though, high temperatures 

of up to 32 °C during the transport can be assumed at least for a certain period. This 

means, incubation might have already taken place during the transport, but is not 

considered as that in this report. (Chia et al., 2018) found the temperature for shortest 

development time in 35 °C, whereas significantly higher times occurred with 20 and 

15 °C. With temperatures above 30 °C, the shipped pupae might even have had an 

advantage, explaining the faster development. On the other hand, periods of lower 

temperatures can explain the slightly lower total emergence rate for the shipped pupae. 
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As the pupae in the control treatment started emergence after 3 days, 30 °C can be the 

optimal temperature during shipment if it does not take more than 3 days.  

During shipment of eggs, the average temperature was similar to the conditions tested 

in experiment 3 (15 and 18 °C). In fact, when the heat pack was used the average 

temperature during transport was 18.5 ± 2.9 °C and when not used equal to 14.8 ± 

2.2 °C, with the temperatures fluctuating during the shipment. When compared to the 

control group, the reduction in the hatching rate in experiment 3 was 27 and 22 % for 

eggs stored at 15 and 18 °C, respectively, for 3 days. In the shipping experiment, 

transportation negatively affected the hatching rate in both treatments. However, survival 

rate was better when the heat pack was used. In relation to the control group, eggs 

shipped without the heat pack showed a reduction of the hatching rate of 23 %, while 

when the heat pack was used the decrease was 16 %. Therefore, with the shipping trial 

we validated the results previously obtained in the laboratory. Additionally, given the 

similar temperature conditions but a shorter treatment time we further validated the 

impact of storage duration.. 

In conclusion, this series of studies gathers very useful information on storage and 

transport conditions of different BSF life stages. Hopefully, this will help the industry to 

prosper and bring valuable solutions for the circular economy and sustainable society. 

  



 
 
 
 

 
39 

Report on storage and transport conditions 

of insect eggs 

 

5. References 

Chia, S.Y., Tanga, C.M., Khamis, F.M., Mohamed, S.A., Salifu, D., Sevgan, S., Fiaboe, K.K.M., Niassy, S., van 
Loon, J.J.A., Dicke, M., Ekesi, S., 2018. Threshold temperatures and thermal requirements of 
black soldier fly Hermetia illucens: Implications for mass production. PLoS ONE 13, e0206097. 

https://doi.org/10.1371/journal.pone.0206097 
Guarneri, A.A., Lazzari, C., Diotaiuti, L., Lorenzo, M.G., 2002. The effect of relative humidity on the 

behaviour and development of Triatoma brasiliensis. Physiol Entomol 27, 142–147. 
https://doi.org/10.1046/j.1365-3032.2002.00279.x 

Holmes, L.A., VanLaerhoven, S.L., Tomberlin, J.K., 2016. Lower temperature threshold of black soldier fly 
(Diptera: Stratiomyidae) development. Journal of Insects as Food and Feed 2, 255–262. 
https://doi.org/10.3920/JIFF2016.0008 

Holmes, L.A., Vanlaerhoven, S.L., Tomberlin, J.K., 2012. Relative Humidity Effects on the Life History of 
Hermetia illucens (Diptera: Stratiomyidae). Environ Entomol 41, 971–978. 
https://doi.org/10.1603/EN12054 

Koštál, V., Renault, D., Mehrabianová, A., Bastl, J., 2007. Insect cold tolerance and repair of chill-injury 
at fluctuating thermal regimes: Role of ion homeostasis. Comparative Biochemistry and 
Physiology Part A: Molecular & Integrative Physiology 147, 231–238. 
https://doi.org/10.1016/j.cbpa.2006.12.033 

Lalouette, L., Williams, C.M., Hervant, F., Sinclair, B.J., Renault, D., 2011. Metabolic rate and oxidative 
stress in insects exposed to low temperature thermal fluctuations. Comparative Biochemistry 
and Physiology Part A: Molecular & Integrative Physiology 158, 229–234. 
https://doi.org/10.1016/j.cbpa.2010.11.007 

Leopold, R.A., Rinehart, J.P., 2010. A template for insect cryopreservation, in: Denlinger, D.L., Lee, R.E.J. 
(Eds.), Low Temperature Biology of Insects. Cambridge University Press, Cambridge, pp. 325–
341. https://doi.org/10.1017/CBO9780511675997.014 

Meticulous Market Research Pvt. Ltd., 2021. Edible Insects Market by Product Type (Whole Insect, Insect 
Powder, Insect Meal, Insect Type (Crickets, Black Soldier Fly, Mealworms), Application (Animal 
Feed, Protein Bar and Shakes, Bakery, Confectionery, Beverages) - Global Forecast to 2030 
[WWW Document]. Edible Insects Market by Product Type (Whole Insect, Insect Powder, Insect 
Meal, Insect Type (Crickets, Black Soldier Fly, Mealworms), Application (Animal Feed, Protein 
Bar and Shakes, Bakery, Confectionery, Beverages) - Global Forecast to 2030. URL 
https://www.researchandmarkets.com/reports/4757400/edible-insects-market-by-product-
type-
whole#:~:text=In%20terms%20of%20value%2C%20the,reach%20732%2C684.1%20tonnes%20
by%202030. (accessed 1.13.21). 

Norhisham, A.R., Abood, F., Rita, M., Hakeem, K.R., 2013. Effect of humidity on egg hatchability and 
reproductive biology of the bamboo borer (Dinoderus minutus Fabricius). SpringerPlus 2, 9. 
https://doi.org/10.1186/2193-1801-2-9 

Overgaard, J., MacMillan, H.A., 2017. The Integrative Physiology of Insect Chill Tolerance. Annu. Rev. 
Physiol. 79, 187–208. https://doi.org/10.1146/annurev-physiol-022516-034142 

Ratte HT, 1985. Temperature and insect development, in: Environmental Physiology and Biochemestry 
of Insect. Springer, pp. 33–66. 

Schneider, C. A.; Rasband, W. S. & Eliceiri, K. W., 2012. "NIH Image to ImageJ: 25 years of image 

analysis", Nature methods 9(7): 671-675, PMID 22930834. 
Spranghers, T., Noyez, A., Schildermans, K., De Clercq, P., 2017. Cold Hardiness of the Black Soldier Fly 

(Diptera: Stratiomyidae). Journal of Economic Entomology 110, 1501–1507. 
https://doi.org/10.1093/jee/tox142 

https://doi.org/10.1371/journal.pone.0206097
http://www.nature.com/nmeth/journal/v9/n7/full/nmeth.2089.html
http://www.nature.com/nmeth/journal/v9/n7/full/nmeth.2089.html


 
 
 
 

 
40 

Report on storage and transport conditions 

of insect eggs 

 

Tomberlin, J.K., Adler, P.H., Myers, H.M., 2009. Development of the Black Soldier Fly (Diptera: 
Stratiomyidae) in Relation to Temperature. ENVIRONMENTAL ENTOMOLOGY 38, 5. 
Tomberlin, J.K., Sheppard, D.C., 2002. Factors influencing mating and oviposition of Black Soldier 
Flies (Diptera:Stratomyidae) in a colony. J. Entomol. Sci. 37: 345-352. 

Villazana, J., Alyokhin, A., 2019. Tolerance of Immature Black Soldier Flies (Diptera: Stratiomyidae) to 
Cold Temperatures Above and Below Freezing Point. Journal of Economic Entomology 112, 
2632–2637. https://doi.org/10.1093/jee/toz186 

 

 

ub

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tenebrio molitor  

Inagro  



 
 
 
 

 
41 

Report on storage and transport conditions 

of insect eggs 

 

 

 

 

 



 

 

Report on storage and transport condi-

tions of insect eggs 

 

1. Introduction 

It is expected that the insect industry will grow rapidly in the coming years. Due to this 

growth, the number of animal transports will increase. The industry is likely to evolve in 

a similar way as other animal farms, especially poultry. The latter would mean that there 

would be specialized breeders and fatteners with frequent transportation of early life 

stages between them.  

 

In this report we will focus on Tenebrio molitor (the yellow mealworm) and more specifi-

cally the transport and/or storage of eggs. Eggs may have an advantage compared to 

the transportation of larvae as they do not feed. Therefore, there is no risk of starvation 

or cannibalism and are likely to produce less emissions (e.g. CO2). However, the latter 

is currently hypothetical as no emission data is available for the eggs. Furthermore, they 

have no mandibles to chew their way out of a thin-walled plastic container. For those 

reasons, eggs may compromise the bulk of the transports between breeders and fatten-

ers. Overall, the currently available knowledge is very limited and is inadequate to predict 

the survival during transport. For a review on the literature see ‘literature review on the 

transport conditions of Tenebrio molitor’.  

 

We have focussed our experiments on 3 parameters that are important during transport. 

The temperature and humidity during the transport and the duration of the transport. In 

this study a large temperature range was assessed (5-40 °C) and a relative humidity 

between 40 and 80 %. The animals were exposed to different climatic conditions be-

tween 1 and 6 days to mimic real world transportation conditions:   

 

1 day:  express national transport 

2 days:  express international transport 

3 days: regular transport 

6 days: delayed transport  
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2. Material and methods  

 Colony information 

The mealworms used in this study have been bred at the Inagro Insect Research Centre 

since 2013. They are kept in 60x40 cm plastic crates (inner surface area of 2000 cm²) at 

a temperature of 27 °C ± 1 °C SD, 60 % ± 3 % SD relative humidity and in the dark 

except during feeding. The animals are fed ad libitum with INSECTUS Mealworm Grow 

(Mijten nv, Belgium) and chopped chicory roots. The CO2 concentration is monitored and 

kept below 1500 ppm. To gather eggs for the experiments, 8x250 grams of beetles could 

lay eggs for 24 h in wheat flour (< 0.5 mm). After oviposition, the eggs and substrate 

were collected and sieved on a 0.5 mm sieve. These clean eggs were used in the exper-

iments.     

 Egg transport experiments 

Fifteen crates (10*8*3 cm l*w*h, no lid), each with 2 grams of freshly harvested eggs and 

20 grams of wheat bran were made from the same batch of eggs. Three crates were 

placed in standard rearing conditions in our climate room (27 °C, 60 % RH) to assess 

the baseline hatchability (hereafter our control). The other 12 crates were placed in a 

climate chamber at the selected climate condition. After 1, 2, 3 and 6 days, three random 

replicates were removed from the climate chamber and placed in the main climate room 

at the standard rearing conditions (27 °C, 60 RH).  

 

The assessed climate conditions varied between 5 °C and 40 °C (in 5 °C increments) 

and 40 and 80 % relative humidity (in 20 % increments). The goal was to assess all 

combinations, but this was in practice impossible due to the limitations of our equipment 

especially humid combinations. In total 18 temperature and humidity combinations were 

assessed (Figure 1). A few combinations were assessed twice (10, 15 and 20 °C).  
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Figure 22: The different temperature and humidity combinations that were assessed, for 
each 0, 1, 2, 3 and 6 days of exposure and in triplicate. 

 

The crates were visually checked every workday to assess if (part of) the eggs had 

hatched. When no larvae were observed three weeks after they were transferred to the 

control conditions this temperature/humidity/time combination was considered 100 % le-

thal to the eggs.  If larvae were observed within the three-week period, the date was 

noted but the hatch rate was not assessed until two weeks after the first larvae were 

seen to ensure all viable eggs had the opportunity to hatch. The hatch rate was deter-

mined by estimating the number of larvae in each crate via subsampling. This was done 

by gently homogenizing the content of the crate and taking 3 samples of approximately 

one gram. The total number of larvae was counted in each sample. If too few larvae (< 

50) were available in one gram, the subsample size was increased. The number of larvae 

was then compared to the control. A direct comparison between the number of larvae 

and the original number of eggs is near impossible as counting the eggs has a high risk 

of damaging them and the weight of the eggs is not always equal due to the accumulation 

of frass and flour on their sticky shell.   

Therefore, the hatch rate is defined as: The number of larvae per gram of eggs in the 

treatment divided by the number of larvae per gram of eggs in the control. A hatch rate 

of 1 does imply that the treatment is doing equally well as the control. Yet this does not 

mean 100 % of the eggs hatched.   
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 Statistical analysis  

The statistical analyses were performed using R 4.0.0. statistical software (www.r-pro-

ject.org). Multiple linear regression was not possible due to the non-linear nature of the 

response surface when all combinations are assessed simultaneously. Therefore, gen-

eralized additive modelling (GAM) was used to assess the results as this technique does 

not assume a priori linear relationship.  

However, it is also not possible to extract a mathematical formula from this method. 

Therefore, a linear regression analysis was applied to each temperature with the full 

model as:  

H = I + T + RH + T*RH + T² 

With H the hatchrate, I: the intercept, T: time (days), RH: relative humidity. The full model 

was reduced via backward selection until all parameters were significant (P-value < 

0.05). Although the overall statistical power of such a linear regression on a small part of 

the dataset is much lower than the overall GAM model, it does enable the construction 

of mathematical models and therefore may aid in future predictions.  

  

http://www.r-project.org/
http://www.r-project.org/
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3. Results 

 Hatch rate: global assessment   

In total 111 conditions were assessed in triplicate ranging in temperature between 5 and 

40 °C, a relative humidity between 40 and 80 % and exposure time of 1, 2, 3 or 6 days. 

The hatchability of the control was standardized to 1. The 95 % confidence interval of 

the control was between 0.82 and 1.18. This indicates that there is a ± 18 % natural 

variation in hatch rate between replicates of the control. Therefore, we will hereafter de-

fine a hatch rate of 0.8 (or higher) compared to the control as good. This is indicated as 

the yellow area in the figures below.     

 

The GAM model could predict the variability reasonably well (Figure 2). The model in-

cluding all predictor variables (temp., RH, time and interactions) had the lowest AIC in-

dicating that all parameters had a significant effect on the hatchability. The GAM model 

indicates that there is a broad climate envelope between which the hatchability of the 

eggs is not, or very limited, influenced by the temperature, humidity or time (15-30 °C 

and 40-80 % RH). It is unclear why there is a decreased hatchability at 30 °C and 40 % 

RH, and this combination should be assessed again. Furthermore, a broader range at 

80 % RH should be assessed.  

 

Near the extremes (≤ 10 °C or ≥ 35 °C) the exposure time does play a major role. A brief 

exposure to 5 or 10 °C does not reduce the hatchability, but prolonged exposure (≥ 3 

days) does decrease the hatchability. However, there are still about 20 % of the eggs 

hatching after 6 days at 5 °C. On the other side of the spectrum the first adverse effects 

appear at 35 °C and 0 % hatchability at 40 °C at any of the assessed exposure times.  
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Figure 23: The predicted hatch rates vs observed hatch rates according to the GAM model 
including temperature, humidity and exposure time.  

 

 

Figure 24: The GAM model visualisation at a humidity of 40 %.  Yellow indicates a good 
hatch rate (0.8-1.2), green: 0.8-0.4, light blue: 0.4-0, dark blue < 0. No data is available for 
day 4 and 5.   
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Figure 25: The GAM model visualisation at a humidity of 60 %.  Yellow indicates a good 
hatch rate (0.8-1.2), green: 0.8-0.4, light blue: 0.4-0, dark blue < 0. No data is available for 
day 4 and 5.   

 

 

 

Figure 26: The GAM model visualisation at a humidity of 80 %.  Yellow indicates a good 
hatch rate (0.8-1.2), green: 0.8-0.4, light blue: 0.4-0, dark blue < 0. No data is available for 
day 4 and 5.   
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Figure 27: The GAM model visualisation without considering humidity.  Yellow indicates a 
good hatch rate (0.8-1.2), green: 0.8-0.4, light blue: 0.4-0, dark blue < 0. No data is available 
for day 4 and 5.   
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 Hatch rate: temperature specific assessment  

As expected, when analysing each assessed temperature individually, there was no ef-

fect of time between 15 and 25 degrees and very little effect at 30 °C (R² 0.28). At 10 °C 

or lower or 35 °C and higher there is a direct relation between the exposure time and the 

hatch rate. The individual models can be seen in Table 2 and graphical representation 

in figures 7.  

 

Table 12: the linear regression models for each temperature with I the intercept, time in 
days, RH the relative humidity in % and the R² value. NA = not applicable, NS =  not 

significant (p > 0.05) 

 

 

 

Figure 28: The influence of exposure time on the hatch rate of Tenebrio molitor eggs at 
different temperatures (0, control is 27 °C) 
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15 °C
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25 °C

30 °C

35 °C

Temp. I Time RH Time*RH Time² R² 

5 0.96 -0.135 NA NA NS 0.75 

10 1.41 -0.0373 -7.75*10-3 NS -0.0138 0.79 

15 0.79 NS 4.88*10-3 NS NS 0.09 

20 1 NS NS NS NS NA 

25 0.81 NS 3.49*10-3 NS NS 0.20 

30 0.89 -0.110 9.56*10-4 1.66*10-3 NS 0.28 

35 1.47 0.455 -0.0109 -7.83*10-3 -0.05128 0.83 

40 NA NA NA NA NA NA 
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 Hatching time  

The average hatching time was 7.4 days at the standard conditions of 27 °C and 60 % 

humidity. In none of the assessed conditions the time to hatch decreased below 7 days. 

A changing humidity had no significant effect on the hatching time. However, both lower 

(15 °C) and higher (35 °C) temperatures result in an increase of the time to hatch with a 

maximum of 16 days at 5 °C. At 15 and 35 °C days the increase in time to hatch is almost 

equal to the time they were exposed (Figure 8).  

 

Figure 29: The GAM model on hatching time in relation to the temperature and exposure 
time.  
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4. Discussion 

 

The effect of temperature is very clear on both the hatch rate and time to hatch. Between 

15 and 30 degrees there is no issue to transport the larvae. Do note that at 15 °C, there 

is going to be a delay in the hatch time roughly equal to the time exposed at 15 °C. In 

some situations, a delayed hatch time could be beneficial, for example when the trans-

portation time is long or a variable age of the transported eggs.  Further studies should 

investigate how long this ‘inactive state’ at 15 °C could be stretched to store eggs and 

provide eggs or larvae on demand. According to Punzo and Mutchmor (1980), mealworm 

eggs cannot complete their development at 10 °C. These results are confirmed here, but 

if only briefly exposed (1 or 2 days) to such a low temperature and thereafter returned to 

the control conditions it is not detrimental for the further development of the eggs. It is 

unsurprising that the eggs do not survive 40 °C, it is very similar to previously observed 

result for the larvae and beetles. Previous research by Punzo and Mutchmor (1978 and 

1980) indicates that larvae die at 42 C° after only 22.5 minutes (first instar) up to 104 

minutes at instar 27.  Allen et al. (2012) observed that the upper and lower temperature 

limit above and below which beetles were unable to move or perform coordinated 

movement was 41.5 °C and 6.5 °C respectively. The gradual decrease in hatchrate at 

the lower temperatures but abrupt changes at high temperatures are similar to what is 

frequently observed in insect development studies. There the development time versus 

temperature is not a normal distribution but a logan (or similar distribution) with a tail 

towards the lower temperatures and a hard cut-off at higher temperatures. 

 

Even though many combinations were assessed, the influence of humidity is still far from 

clear. No significant differences could be observed on the time to hatch, and inconclusive 

results on the hatch rate. Between 15 and 30 °C, a higher humidity would result in a, 

slight, improvement of the hatch rate. Yet, the data indicates that at 10 and 35 °C there 

is a slight decrease in hatch rate with increasing humidity (Table 1). Future, more spe-

cific, studies will need to be conducted to specifically address this issue especially at the 

higher humidity (80 %) and assess if this holds true for a broader humidity range.  
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Based on the overall data in this study we can conclude that shipping mealworm eggs is 

possible between 15 and 30 °C without compromising the hatch rate up to at least 6 

days. Lower temperatures are possible, but only for a limited time and express postal 

services should be considered, adding a heat pack or switching to the transportation of 

live larvae instead of eggs. Higher temperatures (especially humid) should be avoided 

at all time.  

5. Future experiments 

An upgrade on the equipment is scheduled to be able to assess an even broader tem-

perature/humidity range. This should enable us to assess more low (20 %) and -more 

importantly- high humidity combinations (e.g. 10 °C at 80 % humidity). Also work ok the 

CO2 (or other gasses) emission should be done to assess the degradation of the crate 

atmosphere during transport. Finally, the robustness of the eggs to physical disturbance 

(e.g. dropping of the crate) should be assessed.   
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1. Introduction 

With the increasing focus on entomophagy as a more sustainable way to meet an in-

creasing global food demand, comes an increased need to investigate the area 

of transport of live insects. For instance, there is a great potential for insect companies 

to specialise in the reproduction of insects and supply the insects for other companies. 

In order to achieve such a decentralised production model, a challenging step is the stor-

age and transport of live crickets in various stages of their life cycle: both adults, nymphs 

and eggs.  In general, there is very limited information available on the optimal conditions 

for transport of the House Cricket (Acheta domesticus).  

During transport, oxygen availability is likely dependent on ventilation but also on density 

of crickets. Indeed, density can be a critical factor in the survival of individuals during 

transportation. Crowding is a problem within cricket rearing and can result in increased 

cannibalism and thus a higher mortality (Gutiérrez et al. 2020). Patton et al. (1978) con-

cludes that each cricket should have 2.5 cm2 of crawl space to minimize the mortality 

rate and maximize use of space. However, less crawl space is likely needed for transport 

of nymphs over a shorter time period. Companies selling and transporting live crickets 

for pet food typically ship crickets in plastic boxes measuring 10 cm x 10 cm with a piece 

of egg carton of similar size. These boxes have an accessible surface area of approxi-

mately 300 cm2 and are typically used to transport 40 live adult crickets, which translates 

to 7.5 cm2 per cricket, so above the 2.5 cm2 suggested by Patton et al. (1978). The reason 

for the increased space per cricket is to prevent lethal levels of humidity during multi-day 

travel (Monica Nielsen, Monis Skildpadder, pers. com.). Even when larger boxes that 

carry higher volumes of crickets are used for transportation, these criteria for crawl space 

are typically kept the same to avoid excessive humidity and cannibalism as described 

above. 

Transportation within the EU will frequently occur at exterior temperatures different from 

the optimal rearing temperatures. House Cricket rearing is recommended to take place 

at temperatures between 26°C and 32°C (Optimal 30°C) (Clifford and Woodring, 1990). 

If the temperature drops to below 25°C, the development is prolonged and the mortality 

during development will increase (Busvine, 1955). 

However, for shorter periods of time it may be an advantage to transport the crickets at 

lower temperatures, since ectothermic animals at lower temperatures will consume less 

oxygen and feed and emit less CO2. The decreased metabolism will also lower the 
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potential for cannibalism, since any nutritional shortcomings during transport will be less 

pronounced with the lower requirement for feed (Gutiérrez et al. 2020) 

To ensure survival of the crickets, the extrema points should be considered, since a 

consequence of cold temperatures could be cold shock injuries and (Teets, 2013) and 

Clifford and Woodring (1990) found that that rearing temperature of above 35°C causes 

near 100% mortality. 

While eggs and nymphs (pinheads) of Acheta domesticus require high humidity for sur-

vival, adults and older nymphs are more tolerant to lower humidity and Clifford and 

Woodring (1990) recommend a relative humidity of 50%. This highlights the fact that 

during transport eggs, younger nymphs, older nymphs and adults all have somewhat 

different environmental requirements that should be considered. 

The aim of this task is to mimic conditions during transportation by package delivery 

services and demonstrate the effects.  

To ensure the optimal number of cricket nymphs in the container during transportation, 

a density experiment was conducted. This initial experiment assessed the survival per-

centage of the nymphs living at different densities in similar sized transportation contain-

ers.  

Another aim for this study was to monitor how variation in transport conditions (i.e., the 

total transport time and the external temperature during transport) affected indirect envi-

ronmental determinants of cricket health, such as humidity within the transport boxes, 

which is expected to increase over time. Another issue is whether variation in transport 

conditions will make crickets more or less prone to cannibalism. 

In this study, we have tested the direct effect of the above parameters on cricket health 

by determining: 

• House Cricket survival depending on transportation time 

• Increase in House Cricket biomass during transport. 

In separate experiments we have tested to what extent the micro-environment inside 

cricket transport boxes is affected by changes in relative humidity in the ambient envi-

ronment. 
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2. Material and methods 

 Experimental goals  

Our experiments can broadly be divided into four groups: 

1. Experiment on optimal density to be used in downstream experiments 

2. Experiments on nymph growth and survival depending on transport conditions, 
primarily temperature. 

3. Experimental test of the effect of ambient relative humidity (RH%) on the RH% of 
the microclimate inside transport boxes.  

4. Experiments on the relative effect of extreme transport conditions on egg hatch-
rate.  

 

 Density experiments 

The overall purpose of the experiments was to determine the optimal density of cricket 

nymphs in the transportation boxes. 

 Experimental design  

Fourth instar cricket nymphs (a visual observation of nymphs ensured approximately 

similar instar of all nymphs) were placed in transport containers identical to those nor-

mally used for transporting crickets and other insects. The boxes measure 10 cm x 10 

cm x 6 cm. Within the boxes a piece of egg carton (9 cm x 9 cm x 5cm) was inserted to 

increase the surface area and provide shelter for the crickets. The available surface area 

for the crickets is approximately 300 cm2, however, it should be taken into account that 

the crickets distribute unevenly on available surface area, since they prefer the soft egg 

carton to the plastic surfaces and the bottom of the egg carton to the top side.  Water 

and food were provided as cucumber and ground chicken feed, respectively. Four differ-

ent densities were tested: n=80, n=120, n=160, n=200, each with 5 replicates. The des-

ignated number of crickets were stored in darkness (to mimic transport conditions) at 

25°C. A visual display of the experimental set-up can be seen in figure 2.1. After three 

days, survival percentages were determined by counting surviving nymphs. 
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Figure 2.1 Four different densities of 4th instar crickets were placed in containers with egg 
cartons (grey triangles) and stored in a dark environment for 3 days to mimic transport 
conditions. After 3 days, the survival percentage depending on density was determined 

 Statistical analyses 

Statistical analysis was performed using Graphpad prism 9.   

To test for variation in the number of nymphs remaining at the four different densities   af-

ter termination of the experiment, One-way Anova was performed with a Tukey’s multiple 

comparisons test. Normal distribution was ensured by the D'Agostino-Pearson test. 

 

 Effect of transport conditions on nymph growth and survival 

The primary aim of this study was to mimic a transport scenario for live House Crickets 

and determine optimal transport conditions. It was, therefore, investigated how 4 differ-

ent temperatures (5°C, 15°C, 25°C, 35°C)   and four different possible transport dura-

tions (1, 2, 3, 6 days) affected survival and growth of the cricket nymphs. 

 Experimental design 

For experiments at 5°C, 15°C and 35°C samples were placed inside an incubator to-

gether with plastic containers filled with water to increase humidity (if needed) and a 

dehumidifier that down-regulated RH to 40%. For the experiment at 25°C and a constant 

relative humidity (RH%) was ensured by using both a humidifier and a dehumidifier. 
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Figure 2.2  A visual representation of the experimental set-up. a) Each large box represents 
an experimental temperature regulated unit, where ambient RH% is set to 40 % and 
monitored with hygrometers. b) A cardboard box with a hygrometer inserted and with c) 4 
replicates of transport boxes. Data on survival and  growth was collected at day 1, day 2, 
day 3, and day 6. Thus a cardboard box each containing 4 replicates of transport boxes 
were formed for each day of collection to mimic real-life transport conditions where 
smaller transport boxes are shipped in large cardboard boxes. Each transport box that 
was stored for 6 days (the maximum timespan) had inserted humidity probes to inform on 
changes in humidity throughout the experiments. d) photograph of the set-up consisting 
of a cardboard box with 4 replicates of transport boxes e) close up of a transport box, with 
a piece of egg carton, wet and dry feed and inserted humidity and temperature probes.  
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Based on the above-mentioned transport experiments four replicates of 200 4th-5th in-

star house crickets were weighed and placed in similar transport boxes lined with pieces 

of egg carton. Water was provided as 10 g of cucumber and feed as 10g of ground 

chicken feed (see figure 2.2e). The four replicates were placed inside a cardboard box, 

identical to actual transport conditions. The box was subsequently sealed with duct tape 

(see fig. 2.2d). Similar set-up was formed for each day, thus monitoring survival and 

growth was performed on different nymphs for each time point (so 16 transport boxes in 

total per temperature)) This solution allowed for reduction of handling of the nymphs, as 

previous experience had shown the nymphs to quite be fragile to mechanical handling. 

While external environmental conditions (i.e., the climate outside the cardboard boxes) 

were kept constant throughout the experiments, separate sensors registering RH% in-

side cardboard boxes and transport boxes, allowed us to continuously monitor the 

changes in humidity in the micro-environment inside the cardboard boxes and transpor-

tation boxes. So, hygrometer probes were inserted into four replicates of transport boxes 

that were stored at experimental conditions for 6 days, which only opened after 6 days 

and thus represent the longest studied transportation time. 

 Data collection 

For all four temperatures, data was collected at day 1, day 2, day 3 and at day 6, which 

would cover the longest expected duration of transport of live insects. At each time point, 

data was collected by: 

• Registering ambient RH% 

• Registering RH% in the cardboard boxes  

• Registering RH% in the transport boxes  

• Counting the number of live (healthy and sick (as described below)) and, dead 

nymphs in the 4 transport boxes 

• Measuring the biomass of all live and healthy crickets in the box.  

At every time-point of collection, RH% inside the cardboard box and the four transport 

boxes were registered.  

Data on survival was obtained by counting of live crickets remaining in the transport 

boxes. Counting was done manually by emptying the transport box into a fine meshed 

sieve, whereafter removal of egg tray and leftover cucumber, feed was separated from 

the nymphs. Under the first day of counting, it was noticed that not only alive and dead 

nymphs were observed, but also sick nymphs. Nymphs were defined as sick, when they 
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remained immobilised with only legs and/or antennae twitching. If the sum of healthy, 

dead and sick cricket did not match the initial amount of 200 crickets per box, we hypoth-

esized that the missing number of crickets had been cannibalised. Thus, data was col-

lected for healthy, sick, dead and cannibalised crickets. Nymphs stored at 5°C went into 

an artificial diapause, thus the determination of healthy, sick and dead nymphs were 

performed after the boxes had been placed at room temperature for 1 hour. 

Growth in nymph biomass during the experiment was determined by weighing all 200 

nymphs at the start of the experiments and comparing to weight of the healthy nymphs 

remaining in the transport box at the various time points throughout the experiment. The 

average individual growth and each temperature was found by subtraction of the average 

individual weight in a transport box at the start of the experiment and subtracting this 

number from the average individual weight at the day of collection. 

 Statistical analyses 

Statistical analyses were performed in IBM SPSS statistics (1.0.01447) 

Since the data did not meet the demand for normal distribution, a non-parametric test 

was performed to investigate how relative humidity inside the transport boxes changed 

over time.  Friedman's test for repeated data was performed, with post hoc analysis using 

Wilcoxon signed-rank test with Bonferroni correction. 

To test the effect of temperature and time on nymph survival, Kruskal-Wallis test was 

performed with Dunn’s pairwise comparison with Bonferonni adjusted p-values.  

The effect of temperature and time on average individual growth of the nymphs were 

performed by one-way Anova with Bonferroni's post-hoc test of the variation between 

the focal days and temperatures.  

 Experimental test on the effect of ambient RH% effect on RH% of the 

microclimate inside the transport boxes  

During the course of the transport experiments, it was observed for all four temperatures 

that even though the relative humidity inside the incubator was set to 40%, the RH% 

inside the transport boxes remained at 80%. Thus, the overall aim of this experiment was 

to investigate how ambient humidity affected the humidity inside the transport boxes. 

As seen in figure 2.3, two cardboard boxes (marked as green and red) were packed in 

two different environments: 1: low humidity environment (40%; fig. 2.3a) and 2: high 
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humidity environment (99%; fig.2.3b). Low humidity was ensured by a dehumidifier and 

high humidity by a humidifier placed inside a confined area (Diamond box 120 grow tent). 

The experimental set-up was similar to that of the two previous experiments: A cardboard 

box that was packed with 2 transport boxes, which each contained a piece of egg carton, 

100 crickets, 10 g of dry ground chicken feed and 10 g of cucumber served as a water 

source. Hygrometers were inserted in each transport box, the two cardboard boxes and 

in the ambient environment. 

 

Figure 2.3 displays an illustration of the experimental set-up (see text for details) 

RH%s were detected immediately after the cardboard boxes were sealed with duct tape 

and again after 2 hours, which allowed the microclimate to stabilize. The cardboard 

boxes were then left in their respective environments, where RH%s was determined after 

24 hours and again after 72 hours. To test if the ambient RH% would alter the RH% in 

the microclimate inside the transport box, the two cardboard boxes were swapped after 

72. Thus, the  cardboard box (illustrated in red in Fig. 2.3), packed and stored in high 

humidity, was now placed in the low humidity environment and vice versa. Subsequently, 

RH% was determined 24 and 48 hours after the swap, whereafter the experiment was 

terminated (overview in fig. 3.3) 

 Relative effect of temperature on the transport of eggs 

To gain insight into the advantages/disadvantages of transporting eggs rather than 4th 

instar hatchlings, the relative effect of transport conditions on egg hatch-rate was studied. 
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The results provided information on the overall delay and reduction in egg hatching due 

to transport taking place under suboptimal conditions. 

For three replicates 105 crickets, 50 males and 55 females, were moved to plastic 

containers (65 cm x 50cm x 40cm), where a small piece of egg tray was provided as 

shelter (see fig 2.4a and b). A large petri dish was filled with 240 g sieved and moist 

coconut coir and placed in  each of the three plastic containers for oviposition (see 

fig.2.4b). Adult crickets were allowed to lay eggs in the coconut coir for 24 hours and 

then subsequently removed. Each of the three petri dishes were separately emptied out 

in a larger container and the coconut coir were homogenised (see fig. 4c)  to ensure 

equal distribution of eggs (similar to what can be expected during transport). The 

homogenised content of each of the 3 petri dishes were divided into 3 equally large parts 

and transferred into new petri dishes, which formed a total of 9 petri dishes. Each petri 

dish was placed inside a sealed transportation box, which was in turn placed inside a 

cardboard box (see fig. 4d), again to mimic transport conditions. Three of the boxes were 

stored at 6°C, three at 18°C, while the remaining three were stored at 30°C, so close to 

the ideal hatching temperature of 33°C (Clifford, 1990). 

The eggs were stored at the designated temperatures for 6 days, mimicking a prolonged 

transportation time. After the simulated transportation time, the petri dish with coconut 

coir was moved to a plastic container with water supplied as a  water filled centrifuge 

tube sealed with a cotton pad (see fig.2.4e). The eggs were allowed to hatch over a 16 

day period at 33°C, as fitted within the time frame of the experiment. The number of new 

hatchlings were determined each day until termination of the experiment by manual 

counting or if the number of new hatchlings exceeded 100, by determining the average 

weight of 100 individuals and the total weight of the hatchling population. As the 

hatchlings were found submerged in the coconut coir, flipping the petri dish content  into 

a new petri dish allowed for getting the hatchlings potentially found underneath. This 

flipping procedure was performed twice for all collection events, so hatchlings that still 

hid in the coconut remained and were counted at a later time point.  
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Figure 2.4 a) Three plastic containers that each housed 50 males and 55 female 
adults.  Females were allowed oviposition for 24 hours in a large petri dish filled with moist 
coconut coir, of which a close up can be seen in b). c) illustrates the manually 
homogenisation process of the coconut coir. d) the three replicates, which each 
designated from one of the three plastic containers with adults, inserted into a transport 
box and sealed inside a cardboard box. Each cardboard box was subsequently stored at 
6°C, 18°C and 30°C for 6 days. RH% was monitored initially and before transferring to 33°C. 
e) After the six days, the coconut coir was moved to a plastic container with inserted water 
tube and placed at 33°C 
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3. Results 

 Density experiment 

We placed crickets at four densities (n=80, n=120, n=160 and n=200) in transport boxes 

(five replicates per density) and counted the number of surviving crickets after five days 

at 25°C. When comparing the number of surviving nymphs after termination of the ex-

periment, we found overall high average survival rates at all densities, namely 94%, 91%, 

90%, 90% for n=80, n=120, n=160 and n=200, respectively. Significant difference be-

tween the densities of 80 and 200 was found (p<0.01, one-way Anova with Tukey’s post 

hoc) (see Fig. 3.1). We did not find a significant effect of density on nymph survival be-

tween the other tested densities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1  displays the survival percentage for the four 
densities tested (5 replicates). There was a significant variation 
between n=80 and n=200 (F(3,16)=5, p <0.01). 
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 The effect of transport conditions on nymph survival and growth 

 Ambient RH versus RH inside transport boxes 

Based on the results of the density experiments (described above), we performed a se-

ries of experiments with 200 crickets per transport box. Four replicate transport 

boxes were placed inside a cardboard box which was set in a climate chamber for 1, 2, 

3 or 6 days. RH% was measured inside the cardboard box and inside 4 transport boxes 

over the course of the experiment. While the humidity inside the cardboard box reflected 

the ambient humidity of 40%, the humidity inside the transport boxes was typically ob-

served to be approximately 80% (Fig 3.2A). While temperature did not significantly af-

fect RH% in the transport boxes over the duration of the experiments, we did see signif-

icantly higher humidity in the 15°C treatment compared to both the 25°C treatment (z= -

2.02, p=0.04) and the 35°C treatment (z=-2.76 p=0.02). 

For each temperature, the relative humidity inside the transport boxes remained stable 

throughout the experiment. One observation, however, was that RH% fell in transport 

boxes transported for 6 days at 35°C, where RH% fell to 57% on average, although this 

difference was not statistically significant (day1, day2, day3 X day 6: z=1.83, p=0.07).  

 Effect of temperature and time on nymph survival  

For each day of the transport experiments, we counted live healthy, live sick and dead 

crickets. Furthermore, by subtracting our counts from the initial number of 200 individu-

als, we were able to estimate the number of cannibalized individuals.   

Overall, temperature had a significant effect on healthy nymph survival at all time points 

(day 1: p= 0.01; day 2: p= 0.02; day 3 p= 0.01; day 6: p= 0.01) (Fig.3.2b).  On day 1 and 

2 of the experiment there was significant variation between 15°C and 25°C on (p= 0.01 

and p= 0.02), where fewer nymphs survived in the 25°C treatment. On day 3 there were 

fewer healthy nymphs in the 05°C treatment compared to 15°C (p=0.01). On day 6 05°C 

and 35°C had significantly fewer healthy nymphs than 15°C.  

For each temperature, nymph survival for the healthy group only appeared to fall signif-

icantly on the sixth day of the experiment compared to day 1, day 2 and day 3, and only 

for three of the studied temperatures, namely 05°C (p=0.01), 15°C (p=0.02) and 35°C 

(p=0.01). No significant drop in survival was found for 25°C.  

Since many crickets seemed still to be alive, but not likely to survive for long, these ‘sick’ 

crickets were counted separately. We found significantly more sick nymphs in boxes 
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stored at 5°C compared to 25°C and 35°C on day 2 (p=0.03) and similarly between 05°C 

and 15°C, 25°C and 35°C (for all three temperatures: p= 0.03) on day 3 and day 6. 

 Effect of temperature and time on nymph growth  

According to our results, temperature significantly affects nymph growth. In general, we 

observed increased growth rates at higher temperatures. Growth was significantly higher 

in nymphs stored at 25°C and 35°C compared to 5°C and 15°C at day 1(p <0.01) and 

on day 2 (p=0.04). On day 3, 35°C differed significantly from all other temperatures 

(p<0.01), and 25°C had increased growth compared to 15°C (p=0.01). On day 6, nymphs 

stored at 35°C increased their biomass significantly compared to the other three temper-

atures (5°C and 15°C: p< 0.001 and 25°C: p= 0.03). 

Duration of transport did not significantly affect nymph growth for the temperatures 05°C 

(f=2.55, p=0.11), 15 °C (f=3.11, p=0.07) and 25°C (f=1.58, p=0.26). In contrast, nymphs 

kept at 35°C significantly increased their biomass over time (F=16.96; p=<0.001) (fig, 

3.2c). Where initial weight (between day 1 and 2) was not significantly different, in-

creased weight was found between day 1 and day 3 (p= 0.02) and day 1 and day 6 (p 

<0.001).  

 

 Correlation between cannibalised crickets and daily growth rate  

After counting healthy, sick and dead nymphs in a box which initially contained 200 

healthy, a small fraction was unaccounted for and are here assumed to be cannibalised. 

Especially for the 25°C transport boxes, we found a surprising drop in the number of 

healthy individuals, even at day 1 (Fig. 3.2b). This drop in the number of healthy individ-

uals could not be explained by more sick individuals or more visible dead crickets. We 

therefore hypothesized that these missing individuals could have been cannibalized and 

that such increased cannibalism could lead to increased growth. The daily growth rate 

was therefore compared to the number of daily cannibalised crickets (Fig 3.2d). For the 

temperatures 5°C, 15°C and 35°C (none of which had a significant number of missing, 

and therefore assumed cannibalized, individuals), the number of cannibalised crickets 

did not show a significant correlation with growth. On the other hand, for the 25°C treat-

ment (figure 3.2d) the number of cannibalised crickets per day and daily growth rate were 

significantly correlated (Spearman's r=0.88, p< 0.0001). In addition, when looking at the 

correlation between the total number of cannibalised crickets throughout the entire 

transport scenario (rather than the daily average), there was a lower, but still significant 
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correlation between the number of cannibalised crickets and the daily growth rate 

(Spearman's r=0.67; p< 0.01).    
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Figure 30.2 a) Relative humidity (%) at each timepoint. In general, the results group in 
readings of low RH% in cardboard boxes and higher RH% inside transport boxes occupied 
by House Crickets (n=4). b) Nymph survival is shown over the course of the experiment 
for all 4 temperatures. The top graphs show the number of healthy crickets, where the 
lower graphs show the number of sick crickets for all four temperatures. c) Average 
individual growth relative to day 0 (%) for each time-point for all four temperatures. d) 
correlation between number of cannibalised crickets on average per day and average daily 
growth  for the 25°C experiment, which showed high levels of cannibalism. Each data point 
represents one transport box replicate (four per time point)  (r=0.88)  
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 The effect of ambient relative humidity on relative humidity of the mi-

croclimate inside the transport boxes 

Since the RH% was significantly higher in the transport box microclimate compared to 

the cardboard box and the ambient environment, we tested whether transport box RH% 

was determined solely by the respiration taking place inside the transport boxes, inde-

pendently of the surrounding RH%, or it could be affected by the surrounding RH%, for 

instance when packing and/or storing the box at very high RH% (i.e. higher than the 

approximately 80% RH found in transport boxes when the ambient humidity was 40% 

RH%). We therefore monitored RH% in transport boxes and the larger cardboard boxes 

that were packed and stored under two different environmental conditions; either the 

same humidity as our initial transport experiments (40% RH) or at a very high humidity 

(99% RH).   

In general, RH% for cardboard boxes, packed at either a low-humidity environment 

(green in Fig 3.3) or high-humidity environment (red in Fig 3.3.), reflect the ambient RH%, 

with humidities only being slightly lower inside the cardboard boxes. On the other hand, 

the transport boxes packed in the low-humidity environment increased to more than dou-

ble that of the ambient environment (fig. 3.3b, c and d) in line with our previous experi-

ments. In the boxes packed in a high-humidity environment, RH% increased inside both 

the cardboard box as well as transport boxes to the same level as the ambient RH%.  

After 72 hours the boxes were swapped between low and high humidity environments 

(so the red cardboard box was transferred to a low-humidity environment and vice versa 

in Fig. 3.3e). Forty-eight hours after the swap, the RH% inside the transport boxes of the 

red cardboard box remained high, whereas in transport boxes of the green cardboard 

box, RH% increased to reflect the ambient RH% (fig. 3.3g)    
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Figure 3.3 Illustrates experimental design and measurements in high and low-humidity 
ambient environments. Two cardboard boxes (marked as green and red) were packed in a 
low-humidity environment (green) and high-humidity environment (red). Each box was 
packed with 2 x transport boxes, each containing a piece of egg carton, 100 crickets, 10 g 
of dry feed and 10 g of wet feed. Hygrometers were inserted in each transport box, the two 
cardboard boxes and in the ambient environment. All RH%s measured appear on the fig-
ure. a) RHs were initially detected immediately after the cardboard boxes were sealed with 
duct tape. RH%s measured in the environment, the cardboard boxes and in each transport 
box are shown. b) RHs were detected 2 hours after sealing of the cardboard boxes. c) after 
24 hours and d) after 72 hours e) Immediately after determination of RH% after 72 hours, 
the two cardboard boxes were swapped. Thus, the red cardboard box, which was packed 
and stored in high humidity was now placed in the low humidity 
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 The effect of transport conditions on eggs  

Transport temperature influenced the hatch rate of House Cricket eggs (Fig 3.4) Eggs 

initially stored at 30°C for six days began hatching on day 6 after transferring to 33°C, 

13 days after oviposition. For the eggs transported at 18°C, hatchlings emerged 13 days 

after moving to 33°C and 19 days after oviposition. The eggs stored at 6°C did not hatch 

within the time frame of this experiment.  

 

Figure 3.4 Accumulated average of hatched nymphs up to 22 days after oviposition, where 
eggs were stored at three temperatures: 30°C, 18°C and 6°C for six days, whereafter the 
eggs were transferred to 33°C .  
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4. Discussion 

The overall goal for this study was to investigate how transport conditions affected nymph 

survival and nymph growth and based on the results, establish the optimal conditions for 

transport of House Crickets. Transport conditions were here defined as the duration of 

transport (experimental time) at different temperatures (5°C,15°C, 25°C and 35°C) and 

humidities. Similarly, the effect of temperature on transport of House Cricket eggs was 

also investigated. 

A criterion when transporting live nymphs is that they arrive in viable condition.  In this 

study, nymph survival was negatively affected by extreme temperatures (5°C and 35°C), 

where only approximately 50% of the initial 200 nymphs remained healthy at day 6 for 

both 5°C and 35°C treatments. In addition, the number of non-viable (‘sick’) nymphs 

increased significantly at day 3 and 6 for the 5°C treatment. As insects are ectothermic 

it is not surprising that nymphs were negatively affected by the cool temperature and our 

results are in line with experiences from the live pet food industry, that suggest using 

heat packs, when day-time temperatures are below 15 °C or night-time temperatures are 

below 5°C (Monica Nielsen, Monis Skildpadder, priv. com.). The high mortality found in 

the 35°C treatment falls in line with the results found by Clifford and Woodring (1990), 

where crickets populations reared at 35°C reached nearly 100 percent mortality. Regard-

less of the high mortality observed in both 5°C and 35°C, the increased level of sick 

nymphs was only found in the 5°C treatment. Several cricket species have been found 

to enter seasonal diapause when temperatures drop, as described by Mazaki and Walker 

(1987), although they do not review the behaviour of House Crickets specifically.  It could 

therefore be suggested that nymphs in the 5°C treatment had entered an artificial meta-

bolic diapause. This would increase survival chances during cold conditions and prevent 

healthy crickets from consuming conspecifics, which could be expected if nymphs were 

crippled. This is further supported by the behaviour observed in the 5°C treatment, where 

the nymphs remained immobilised 60 minutes after being removed from the climate cab-

inet.  

For the experiments conducted at 25°C, we observed a decrease in the number of 

healthy nymphs, which could not be explained solely by 25°C being below suboptimal 

temperature (Booth and Kindell, 2007), as similar patterns would then also have been 

expected for the 15°C treatment. However, the decrease in nymphs could potentially be 

explained by increased cannibalism, as seen in figure 3.2d. If this population of crickets 
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were particularly prone to cannibalism (possibly due to the temperature, although we are 

at this point unable to explain the reason for this), it might be reflected in their growth 

rate, since a major reason for cannibalism is to compensate for nutrients unavailable in 

their feed (Gutiérrez et al. 2020). In line with this hypothesis, we found a significant cor-

relation between the daily average of cannibalised crickets and daily growth rate in the 

25°C samples (r=0.88). The highest growth rates per cannibalised cricket was seen for 

the day 1 samples, suggesting that the phenomenon was most pronounced on day 1, 

and fewer crickets may have been cannibalised on later days. Indeed, when looking at 

growth rates as a result of total cannibalised crickets (instead of the daily average of 

cannibalised crickets), the correlation drops to r=0.67. Also, another explanation for this 

observation could be that the larger individuals possibly cannibalise the smaller individ-

uals. Removing smaller individuals from the population would also lead to an increase in 

average weight without necessitating any actual growth of the crickets.   

Nymph growth was affected by temperature, where nymphs stored at 5°C and 15°C had 

undergone no growth during the course of the experiment. In fact, nymphs “transported” 

at 15°C underwent a slight weight loss of 5%. In contrast, nymphs stored at 25°C and 

35°C showed a significant biomass increase at all days of collection compared to 5°C 

and 15°C. On day 6 nymphs stored at 25°C and 35°C had increased 24% and 70% in 

biomass, respectively (with the aforementioned caveat that cannibalism at 25°C may 

have led to overestimating growth rates). This is in accordance with previous studies 

where crickets raised at suboptimal temperatures (25°C) have prolonged development 

(Busvine, 1955, Booth and Kindell, 2007).  

While temperature had a significant influence on nymph survival, a similar scenario was 

not observed for humidity. We placed sensors to monitor RH% inside the transport boxes 

and the larger cardboard boxes (in which the transport boxes are packed) and found that 

even at relatively low RH% (40%) in the ambient environment and the cardboard boxes, 

the RH% in the transport box microclimate was 80% (Fig 3.2a). Our results therefore 

indicate that the humidity in the transport boxes is mainly generated by respiration and 

moisture from the crickets and wet feed, but is less dependent on the ambient RH%. 

However, even at a RH% inside the transport boxes of approximately 80% for all four 

temperatures, high mortality was only observed in 5°C and 35°C treatments and not for 

15°C and 25°C treatments. Thus, under our experimental conditions, humidity does not 

seem to be a relevant factor to consider when transporting cricket nymphs. This contra-

dicts the concern of pet food suppliers, where nymphs are kept at lower densities, sup-

posedly to prevent increased mortality under very humid conditions. For instance, some 
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live pet food suppliers only transport 120, 4th instar nymphs in the standard transport 

boxes we used (Monica Nielsen, Monis Skildpadder, pers. com.), while we tested four 

different densities, n=80, n=120, n=160 and n=200, and found very similar survival rates 

over a three-day transport scenario. While survival rates were significantly higher for 

nymphs kept in densities of 80 compared to 200, those kept at a density of 200 still had 

a 90 percent survival, compared to 94 percent survival in boxes with 80 nymphs.  

We observed a somewhat surprising drop in RH% in 35°C treatment between day 3 and 

day 6. We also found a significant increase in mortality from day 3 to day 6 at 35°C and 

observed that many of the dead crickets had dried out due to the high temperature. It is 

therefore likely that the drop in RH% can be explained by an increased mortality rate due 

to the high temperature, leading to less respiration from the crickets and a drying out of 

the dead crickets as well as the wet feed. 

When transport boxes were packed and stored in an environment with very high-humidity 

(99%), the RH% in the transport box microclimate did increase to reflect the ambient 

environment (Fig 3.3d), suggesting that the transport box RH% and ambient RH% are 

not completely independent of each other.  However, when a transport box was moved 

from a high-humidity environment to a low-humidity environment (Fig 3.3e), the RH% in 

the transport box did not decrease. This suggests that cricket respiration and the poten-

tial moisture of the egg carton and dry feed were sufficient to prevent RH% from falling 

inside the transport boxes even at lower ambient RH%.   

Temperature did have an effect on hatch rate. We found that eggs initially stored at 30°C 

began hatching on day 6 after transferring to 33°C (as recommended by Kinyuru and 

Kipkoech, 2018), so a total of 13 days after oviposition. These results concur with results 

published by Clifford and Woodring (1977), where hatchlings emerged 13 days after ovi-

position, when eggs were incubated at 30.5°C. For eggs transported at 18°C, embryo-

genesis was delayed and hatchlings emerged 13 days after moving to 33°C (19 days 

after oviposition). The eggs stored at 6°C did not hatch within the time frame of this 

experiment, however we cannot rule out that prolonged incubation at 33°C would lead to 

hatching of eggs initially incubated at 6°C. Extended duration on the experiment would 

also inform on the total number of hatchlings from the different transport conditions and 

to what extent prolonged exposure to suboptimal temperatures affects overall hatching 

potential. However, our results support that development of House cricket eggs is sen-

sitive to temperature and that, transport of eggs at suboptimal temperatures prolongs 

incubation time considerably.  
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In conclusion, based on the results of this study, temperature is the most critical factor 

during transport of live House cricket nymphs, while ambient relative humidity seemed 

to be less of an important factor. We found that the highest and lowest temperatures we 

tested (5°C and 35°C) significantly reduced the likelihood of nymphs arriving at the des-

tination in viable condition. In contrast, approximately 85 percent of the nymphs stored 

at 15°C survived (and appeared healthy) until day 6 with only a slight reduction in bio-

mass. Nymph growth at high temperature during transport can make it difficult to predict 

developmental stage of the House Crickets at arrival, since this will depend strongly on 

transportation duration. Failure to predict cricket size and instar present unknown factors 

as larger nymphs require more feed and crawl space, and behaviour may change during 

development. Insufficient food and space have previously been shown to be two driving 

factors behind increased cannibalism (Gutiérrez et al. 2020)).  While it cannot be ex-

cluded that some temperatures between 5°C and 25°C that we did not test in this study 

would perform similarly well, performing transport at approximate 15°C seems benefi-

cial.  
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1. Introduction 

Although initially the house fly (Musca domestica) was included in WP2 Task 2.5, work 

on this species has ended for several reasons. The main reason is the changing EU 

commercial insect market which does now focus primarily on the black soldier fly (BSF) 

and mealworm and to a lesser extent the house cricket. Interrelated with this, is the fact 

that there are no longer commercial partners within SUSINCHAIN that breed this species 

since partners shifted their production to BSF similar to the global market. Finally, the 

SUSINCHAIN advisory board (including IPIFF) has strongly recommended the consor-

tium to stop investing time and funding on the house fly in favor of the other three species 

as this would lead to bigger and more immediate beneficial effects for the overwhelming 

majority of the EU insect producers.  
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