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ABSTRACT

A key aspect to optimise the Tenebrio molitor (TM) farm productivity is to find an optimal breeding den-
sity for adults. To this purpose, this study investigated, from an industrial perspective, the impact of four
breeding densities (D1, D2, D3 and D4, equal to 0.8, 1.1, 1.3 and 1.6 adults/cm?, respectively) on mortality
and reproductive performances of TM adults and larvae. Two weeks after pupae emergence, TM adults
were randomly assigned to the four groups and housed in 48 breeding crates (60 x 40 x 14.5 cm; 12
crates/group). The trial consisted of 4 consecutive weeks of adult breeding (each week represented one
oviposition), and 8 weeks of larvae growth. From each week of oviposition, a batch of larvae was obtained
for a total of four batches of larvae (48 crates/batch). Larvae of each batch were grown until 8 weeks of
age, corresponding to the period required to reach the selling size. Larvae were kept in the original crates
until the 5™ weeks of age, after which they were divided into additional crates to ensure a density of 4.2
larvae/cm? and a final weight of 1 500 g of larvae/crate (0.6 g of larvae/cm?). For each oviposition week,
TM adult’s mortality, egg hatchability, BW, feed intake, chemical composition and fatty acid profile were
evaluated, while ovary weight was measured at weeks 1 and 4. The number of larvae was monitored at
week 5 of age while their chemical composition was determined at week 5 and 8. Larvae feed intake and
BW were monitored over the 8-weeks growth period. Individual feed intake and BW of adults increased
with increasing breeding density (P < 0.0001 and P < 0.05, respectively). With increasing adult breeding
density, the number of larvae per crate increased (P < 0.001) while the grams of larvae/gram of adults
decreased (R? = 0.8856). Larvae from groups D2, D3 and D4 showed higher feed intake per crate and
higher individual and total final BW than D1 (P < 0.001). However, the feed conversion ratio (FCR) wors-
ened with increasing breeding density (P < 0.001). D4 larvae had higher percentages of protein
(P < 0.001), lipids (P < 0.05) and cholesterol (P < 0.001) compared to larvae from other groups.
Concluding, a breeding density of 0.8 adults/cm? maximised both grams of larvae produced/grams of
adults and larvae FCR. However, breeding densities above 0.8 adults/cm? resulted in a higher number
of produced larvae per crate with a greater final mass weight making a density of 1.6 adults/cm? the
preferable choice from and industrial perspective.
© 2024 The Authors. Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Implications

feed efficiency. However, high densities provide more ready-to-sell
larvae with higher final weight. The latter seems the best choice to

Insects are a sustainable and nutritious alternative to conven-
tional feed sources. Among edible insects, Tenebrio molitor is par-
ticularly promising. In the context of insect farming, the breeding
density of adults is a major factor influencing productivity, and
thus farm revenue, but the optimal breeding density for this spe-
cies has not been defined yet. This study suggests that a low breed-
ing density enhances reproductive performance, measured by the
grams of larvae produced per gram of adults, and increases larvae
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maximise farm profitability.
Introduction

The demand for sustainable, nutritious, and healthy food
sources is becoming increasingly urgent. With the well-known glo-
bal population projected to increase by 2050, the demand for
animal-derived foods will surge. However, a livestock sector solely
relying on conventional feedstuffs like soybean, fish, corn, wheat
etc. is becoming less feasible due to the high feed-food competi-
tion, rising production costs and the frequent need of long-
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distance transport (low environmental sustainability) from the few
producing countries to fulfil the worldwide request (United
Nations, 2019). To address these challenges, incorporating insects
into animal feed presents a promising alternative (Henchion
et al.,, 2017), offering the potential to reduce environmental impact
and generate nutrients-dense feed for livestock as well as the
opportunity to be directly consumed as food.

Mealworms, especially the yellow mealworms (Tenebrio molitor
L., Coleoptera: Tenebrionidae) (TM) stand out as an ideal candidate
for mass production, suitable for both feed and food applications.
Larvae of TM are notably rich in protein (approximately 50% of
DM), lipids (about 30% of DM), and essential minerals like potas-
sium and phosphorus (Van Broekhoven et al., 2015; Ghosh et al,,
2017; Hong et al., 2020; Wu et al., 2020). Their amino acid profile
is comparable to that of commercially available soybean-based
protein sources commonly used in livestock feed (Veldkamp and
Bosch, 2015; Khanal et al., 2023). Furthermore, TM larvae provide
a good source of B vitamins, including vitamin By, (Dalle Zotte
et al,, 2021; van der Heide et al., 2021).

Focusing on the environmental sustainability, producing 1 kg of
edible protein from TM larvae was showed to require only 10% of
the land needed for 1 kg of edible protein from beef (van Huis
et al., 2013). Mealworms can also produce less CO, per unit of edi-
ble protein compared to chickens and beef (Oonincx and De Boer,
2012). Consequently, TM larvae can partially replace conventional
livestock and fish feed ingredients (Henry et al., 2015; laconisi
et al., 2017).

In TM breeding, various factors can impact productivity: envi-
ronmental parameters like temperature, relative humidity, and
photoperiod, as well as other factors such as feeding, and oviposi-
tion time (Bjorge et al., 2018; Eberle et al., 2022). However, one of
the pivotal factors affecting the reproductive success is the density
at which adults are reared (Morales-Ramos et al., 2012). Stocking
density is a crucial determinant that influences several aspects of
animal breeding, particularly productivity, growth, and welfare.
The impact of adult breeding density has been examined in differ-
ent insect species. For instance, while higher adult breeding den-
sity in black soldier fly (Hermetia illucens L.) was showed to
maximise the reproductive output, in Dicyphus tamaninii, an
increased adult breeding density led to higher mortality and
reduced overall production (Agusti and Gabarra, 2009; Liu et al.,
2022). Furthermore, in Chilo partellus, lower pairing densities were
associated with increased longevity and fecundity (Hari et al.,
2008). In TM breeding, studies conducted on a laboratory scale
highlighted that lower breeding densities seem generally more
desirable than higher ones (Frooninckx et al., 2022; Zim et al.,
2022). Specifically, Zim et al. (2022) found that a density of 0.25
adults/cm? provided the best adults fertility, while Morales-
Ramos et al. (2012) reported that densities between 0.084 and
0.14 adults/cm? produced the highest number of larvae per crate.
From existing research on TM, it emerges that high densities often
correlate with reduced reproductive capacity, likely attributable to
stressful conditions that lower fecundity and increase cannibalism
towards both conspecifics and laid eggs (Berggreen et al., 2018;
Gerber and Sabourin, 1984; Morales-Ramos et al., 2012). High den-
sities can also lead to an increased mortality rate (Deruytter et al.,
2019; Deruytter and Coudron, 2021; Morales-Ramos et al., 2012).
On the other hand, low densities can determine a lower global farm
efficiency (Zim et al., 2022). A viable strategy to mitigate mortality
and welfare concerns arising from high breeding densities involves
the use of oviposition grids. These grids physically segregate adults
from the eggs laid on the substrate, effectively preventing canni-
balism (Frooninckx et al., 2022).

Despite the available information in scientific literature, the
optimal breeding density for TM adults remains undetermined,
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especially considering the industrial context. In fact, all existing
studies have been conducted in laboratory settings and/or on a
small scale, leaving a significant gap in the understanding of the
best solution for industrial-scale production. In the insect rearing
sector, like for most livestock species, scale is a critical factor. Data
from small-scale studies often find little application in commercial
contexts, as seen with factors like breeding substrate, temperature
inside the crate, and selected life-history traits in the black soldier
fly (McGill, 2010; Meneguz et al., 2018; Scala et al., 2020; Biasato
et al., 2024). This may also apply to the breeding density of TM
adults. Therefore, identifying the optimal breeding density at an
industrial level is essential for developing cost-effective and sus-
tainable production practices within the TM insects industry.
Based on these premises, the aim of this study was to evaluate,
on an industrial scale, the effect of four breeding densities of TM
adults on mortality and reproductive performances of adults and
on larvae growth performances and nutritional quality.

Material and methods
Experimental design and experimental conditions

The experiment was conducted at the INEF (Insect Novel Eco-
logic Food) insect farm (Piombino Dese, Treviso, Italy). The trial
lasted 3 months, from March to May 2023.

Adults were collected 14 days after the transformation from
pupae, age at which they are sexually mature, using cardboard
egg containers. After collecting the adults (8.6 kg in total), individ-
uals were selected to remove any malformed or immature speci-
mens, specifically the white and light brown ones. The sex ratio
of adults was assumed to be 1:1 (Loudon, 1988). The average indi-
vidual weight was assessed by weighing 100 individuals and
attested at 0.122 g. Then, adults were randomly assigned to four
different treatment groups to obtain four breeding densities:
120 g (D1), 160 g (D2), 200 g (D3), and 240 g (D4) of adults per
crate (corresponding to 0.8, 1.1, 1.3 and 1.6 adults/cm? respec-
tively, considering the area of the oviposition grid). This density
range was adopted considering the conventional density (1.1
adults/cm?) used at the commercial farm where the study took
place. Adults were housed in 48 breeding crates (12 replicates
per treatment group). Crates were made of plastic material with
a dimension of 60 x 60 x 14.5 cm and an area of 2 400 cm?. In each
crate, it was included a metallic oviposition grid, with a dimension
of 47 x 27 x 5 cm and an area of 1 269 cm?.

Breeding of adults

At the beginning of the trial, the breeding crates were filled with
ground feed to ensure the ad libitum intake for future larvae. An
oviposition grid was placed on top of the feed, and adults were
placed on the grid. Adults pelleted feed and fresh carrots (water
source) were added. The pelleted feed and carrots were weighed
and provided in proportion to the different densities (D1:
375 g+ 208 g; D2: 500 g + 277 g; D3: 625 g + 347 g; D4:750 g +
416 g, respectively). Twice a week, feed and carrots were added
both for larvae and adults to ensure ad libitum intake. The chemical
composition of the feeds used for adults and larvae are reported in
Supplementary Table S1.

Adults were bred for 4 weeks. Every 7 days, the oviposition grid
(with adults inside) was positioned in a new crate to start a new
oviposition. Each week represented one oviposition (each oviposi-
tion lasted 7 days). The temperature and relative humidity in the
hatchery were kept at averaged values of 27.8 + 2.3 °C and
73.8 + 10%, respectively. The photoperiod was maintained constant
at 8 h of light and 16 h of dark.
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Reproductive performances of adults

The hatching rate of eggs laid by adults was assessed by collect-
ing a weekly sample of eggs from each crate. Fifty eggs per crate
were placed in a Petri plate and incubated at 28 °C and 70% relative
humidity for 7 days. After this period, the number of larvae that
hatched was recorded to compute the hatching rate, calculated
according to Eq. (1).

Hatched eggs (n) ) < 100

Hatching (%) = (Incubated eggs (n)

Female adults were dissected to obtain the ovary. The ovary weight
was assessed at the beginning and at the end of the 4™ week of
breeding on five adults per crate. The ovary proportion was calcu-
lated according to Eq. (2).

Owary proportion (%) = (OvaLelght(g)) x 100 (2)

Adult weight (g)

Productive performances of adults

The average weight of adults was assessed at the beginning of
the trial, and then once a week until the end of the breeding per-
iod: it was obtained by individually weighing 100 individuals per
crate. The mortality rate was assessed weekly by counting and
weighing the total number of dead adults in each crate. Dead
adults were not replaced to preserve the impact of mortality on
productivity as a result of the breeding density. The feed and car-
rot intake by adults during the 4 weeks of breeding were
recorded. Data of feed and carrot intake were reported on a DM
basis.

Oviposition period
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Breeding of larvae

Larvae were obtained from each of the four oviposition weeks,
thus obtaining four batches of larvae. Each batch consisted of 48
crates (12 replicates/group) for a total of 192 crates of larvae. Lar-
vae were maintained in the original crates until the 57 week of age
when they reached a sufficient size to be sieved and separated
from feed and frass. Larvae were split into different crates to obtain
the same density (4.2 larvae/cm?) in each crate. Density equalisa-
tion was performed for each batch of larvae aiming to obtain a total
amount of 1 500 g larvae/crate at 8 weeks of age and considering
the individual larvae weight reached at this age at the INEF farm
(0.15 g). Thus, it was calculated a number of larvae equal to
10.000 (1 500 g/ 0.15 g). This number was multiplied by the aver-
age individual weight of larvae at 5 weeks of age to determine the
amount (g) of larvae to be included in each crate (D1 = 133 g,
D2 =140 g, D3 = 174 g, D4 = 176 g, on average).

After density equalisation, only one of the crates obtained from
the original one was monitored for the growth trial, assuming that
it was representative of the other crates. A scheme to visualise the
breeding process for TM adults and larvae is presented in Fig. 1.
Feed and carrots were administered ad libitum. Temperature and
relative humidity in the room for larvae breeding averaged 27.8 +
2.1 °C and 62 + 10%, respectively. The photoperiod was set at 8 h of
light and 16 h of dark.

Productive performances of larvae

The total weight of larvae in each crate was registered at the 57
(before and after density equalisation) and at 8" week of age after
removing the residual feed and frass. Larvae growth was obtained
by subtracting the total weight of larvae at 8 weeks of age and the

Week 1 Week 2 Week 3
Batch 1 Batch 2 Batch 3

Week 4

Age of larvae

Week 5
Larvae
division

|

Week 8
Harvestin

9

Week 4 Oviposition grid
Batch 4
Crate for
larvae breeding

Fig. 1. Scheme of the breeding process for Tenebrio molitor adults and larvae.
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total weight of larvae at 5 weeks of age, after density equalisation.
Moreover, a total of 100 larvae were sampled from each crate and
weighted to compute the average individual BW. The number of
larvae obtained at 5 weeks of age from each crate was calculated
according to Eq. (3).

Total weight of larvae 5wk (g/crate)

Larvae (n) = Individual weight of larvae 5wk (g/lar vae)

3)

where the total weight at 5 weeks was measured before density
equalisation.

The average number of adults present in each crate at the
beginning of the experiment was estimated according to Eq. (4).

Total weight of adults (g/crate)

Adults (n) = Individual weight of adults (g/adult)

(4)

The grams of larvae obtained per gram of adults was calculated
according to Eq. (5).

Total weight of adults (g/crate)
Total weight of larvae (g/crate)

g larvae/g adult = (5)
The intake of feed and carrots (reported on DM basis) was measured
at crate level from week 5 to week 8, and the feed conversion ratio
(FCR) was calculated accordingly.

At 8 weeks of age, the frass was collected from each crate, after
separation from the larvae and residual feed.

Chemical analyses

Feed samples of both adults and larvae were collected at each
feed batch change.

To analyse the chemical composition of adults’ bodies, sampling
was carried out at the beginning of the trial (100 g) before their
assignment to the experimental groups. Other 24 samples (100 g
each) of adults were collected from 6 crates per group at the end
of the 4™ week (end of adults breeding phase). To analyse the
chemical composition of larvae, 100 g of larvae were taken from
each crate at 5 (at equalisation) and 8 weeks of age and stored at
—20 °C. This procedure was repeated for each batch. At the end
of the trial, a total of 96 samples (24 samples per group; 48 sam-
ples per age) were obtained as pooled larvae from the same crate
of different batches. Furthermore, the chemical composition of
insect frass was determined for each batch at 8 weeks of age of lar-
vae. Despite efforts to separate residual feed, finer particles of it
persisted in the frass. To determine larvae feed intake, the starch
content of frass and diet was analysed. Considering a starch
digestibility of 99% reported for Hermetia illucens (Guillaume
et al., 2023), the quantity of starch undigested from the diet was
used to calculate the grams of residual feed in frass. To analyse
the chemical composition of frass, 100 g of frass was collected from
each crate at 8 weeks of age of larvae. The procedure was repeated
for each batch of larvae. At the end of the trial, a total of 24 samples
of frass (six breeding density) were obtained as pooled frass from
the same crate of different batches.

Samples of adults, larvae, frass and diets were transported to
the LabCNX laboratory of the MAPS Department (University of
Padova) for chemical analyses. Larvae and adults’ samples were
stored at —20 °C, whereas frass and feed were stored in fridge
at +4 °C. Analyses of adults, larvae, frass and diets were performed
according to the AOAC (2000) procedures to determine DM
(method no. 934.01), CP (method no. 2001.11), and ash (method
no. 942.05). For adults and larvae, the N content was multiplied
by the conversion factor of 4.76 (Janssen et al., 2017). The ether
extract was determined after acid hydrolysis (Commission
Directive 98/64/EC, 1998).
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Chitin content was determined for adults and larvae according
to the method described by Zhang and Zhu (2006), with the mod-
ifications provided by Woods et al. (2020). Starch content was
analysed in adults and larvae diets, and in frass
(amyloglucosidase-a-amylase, method no. 996.11). Lipid extrac-
tion for the assessment of the fatty acid (FA) profile in adults and
larvae diets (Supplementary Table S2), as well as in adults, was
performed by modified accelerated solvent extraction. For adults
and larvae diets, the extraction process was carried out using pet-
roleum ether as solvent, whereas for insects, the extraction was
performed using a binary solvent mixture of chloroform/methanol
at a 1:2 ratio, according to the method by Lee et al. (1995). The fat
content of samples was determined gravimetrically after vacuum
evaporation under a nitrogen stream. Then, samples were trans-
methylated using a methanolic solution of H,SO,4 (4%) to determine
FA methyl esters. An 8 ml of distilled water and 4 ml of n-heptane
were added to the samples to obtain a biphasic separation. FA
methyl esters were quantified by gas chromatography (Shimadzu
GC17A). equipped with an Omegawax (Sigma-Aldrich Co. LLC,
Saint Louis, USA) 250 column (30 m x 0.25 pm x 0.25 pm) and
flame ionisation detector. Helium was used as the carrier gas at a
constant flow of 0.8 ml/min. The injector and detector tempera-
tures were 260 °C. Peaks were identified based on commercially
available FA methyl esters mixtures (37-Component FA methyl
esters Mix; Supelco Inc., Bellefonte, PA, USA). Results were
expressed as % of the total detected FA methyl esters. Cholesterol
content of adults and larvae was determined according to the
method described by Indik (1990) and Casiraghi et al. (1994).

Statistical analysis

Assumption of normality was assessed using Shapiro-Wilk
test: values < 0.9 were considered as normal. Data of TM adults
(live weight and hatchability rates) were analysed by a mixed
model considering breeding density, breeding week and their
interaction as fixed effects and crate (nested within density) as
random repeated effect following the MIXED procedures of the
SAS 9.1.3. Mortality of TM adults (not normally distributed) was
analysed using a GLM assuming a Poisson distribution (Proc GEN-
MOD of SAS). The model considered breeding density, breeding
week and their interaction as fixed effects and crate (nested
within density) as random repeated effect. Ovary weight, feed
and carrots intake and chemical composition of TM adults were
subjected to a one-way ANOVA with breeding density as a fixed
effect.

Data of TM larvae (number, live weight, weight gain, feed intake
and FCR) were analysed by a one-way ANOVA with breeding den-
sity as a fixed effect. Chemical composition of larvae was analysed
by two-way ANOVA with breeding density and larvae age as fixed
effects. Data about the proximate composition of larvae frass were
analysed by one-way ANOVA with a breeding density as fixed
effect. Least square means were obtained, and a posthoc pairwise
comparison was performed using the Bonferroni correction. The
significance was considered for P < 0.05.

Results
Mortality and reproductive performances of adults

Results about adults’ mortality are reported in Table 1. The
overall mortality rate showed no significant variation across differ-
ent breeding densities of TM adults. However, the mortality rate
was significantly influenced by the breeding week. The highest
mortality rate occurred in week 2 (10.2% on average) across all
densities, while lower rates were observed in week 1 (4.31% on
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Table 1
Effect of the breeding density (D) and breeding week (W) of Tenebrio molitor adults on mortality (%).
Breeding density Treatments SEM P-value P-value
D1 D2 D3 D4 D D D w
N. of crates 12 12 12 12
Mortality
Week 1 3.69% 4.02* 4.23% 529 0.61 0.2879 0.0537
Week 2 11.4% 9.36% 9.65% 10.5% 0.93 0.4148
Week 3 3.76* 3.74¢ 3.88% 4.55% 0.58 0.7416
Week 4 2.61¢ 2.50% 2.86% 3.50% 0.50 0.4976
SEM W 0.64 0.62 0.64 0.69
P-value W <0.0001 <0.0001 <0.0001 <0.0001
Total Mortality 203 18.5 19.6 22.1 1.30 0.2790

D1 = 0.8 adults/cm?, D2 = 1.1 adults/cm?, D3 = 1.3 adults/cm?, D4 = 1.6 adults/cm?.
“>Values within a column with different superscripts differ significantly at P < 0.05.

average), week 3 (3.98% on average) and week 4 (2.87% on average)
(P <0.001).

The results pertaining to eggs hatchability (Table 2) indicate
that eggs obtained from density D4 achieved a higher hatching per-
centage compared to density D3 at week 3 (89.8 vs 82.0%; P < 0.05),
with intermediate values in densities D1 and D2. Conversely, in
week 4, D3 had the highest hatching percentage while D4 had
the lowest (88.8 vs 81.7%; P < 0.05), with D1 and D2 being interme-
diate. However, considering the overall oviposition data, no signif-
icant differences were observed among the different breeding
densities, and the hatching rate averaged 85%.

The effect of week on the eggs hatchability was significant only
for D4, where the highest value was recorded in week 3 and the
lowest in week 4 (89.8 vs 81.7%, respectively; P < 0.05). The breed-
ing density of adults also influenced the ovary proportion mea-
sured in week 4 of breeding (Table 3). Specifically, the ovary
proportion was higher in D2 compared to D1 (15.6 vs 13.8%;
P < 0.05), whereas intermediate values were outlined for D3 and
D4.

Adult BW and feed intake

The breeding density of adults significantly influenced their BW
throughout the oviposition period (Table 4). The highest BW was
observed in D4 adults and the lowest in D2 adults (0.1263 vs
0.1246 g; P < 0.05), with intermediate values observed in D1 and
D3. Regarding the effect of the oviposition week, a continuous
increase in the average BW of adults was observed. For all densi-
ties, the weight peaks were reached in the fourth week (Table 4).
As expected, both total and daily individual intake of pelleted feed
and carrots increased with breeding density (Table 5).

Chemical composition and fatty acid profile of adults

The breeding density of TM adults did not affect the water, pro-
tein, ash and chitin contents of the larvae (Table 6). Conversely, D1
adults displayed a higher lipid content compared to D3 adults (7.89
vs 7.38 g/100 g insect; P < 0.01), with D2 and D4 showing interme-
diate values. A similar pattern was observed for cholesterol con-

Table 2
Effect of the breeding density (D) and breeding week (W) of Tenebrio molitor adults on eggs hatchability (%).
Breeding density Treatments RSD P-value P-value
D1 D2 D3 D4 D D Drw
N. of crates’ 12 12 12 12
Hatching
Week 1 86.7 86.0 86.6 84.7W% 5.47 0.8379 0.0340
Week 2 843 83.2 85.2 82.8"* 7.68 0.8818
Week 3 86.3% 84,270 82.0° 89.8% W 6.67 0.0402
Week 4 82.2% 85.0% 88.8° 81.7>* 6.21 0.0269
RSD W 6.19 6.48 7.05 6.62
P-value W 0.2728 0.7539 0.1355 0.0223
Weeks 1-4 84.9 84.6 85.6 84.8 6.77 0.8824
Abbreviations: D1 = 0.8 adults/cm?, D2 = 1.1 adults/cm?, D3 = 1.3 adults/cm?, D4 = 1.6 adults/cm?.
aPvalues within a row with different superscripts differ significantly at P < 0.05.
W*Values within a column with different superscripts differ significantly at P < 0.05.
! 50 eggs/crate.
Table 3
Effect of the breeding density of Tenebrio molitor adults on ovary weight assessed at the beginning (W0) and at the end of the trial (week 4; W4).
wo w4 RSD P-value
Breeding density D1 D2 D3 D4
N. of crates' 12 12 12 12
Ovary weight (g) 0.015 0.018 0.020 0.020 0.019 0.005 0.0532
Ovary incidence (% adult weight) 135 13.8° 15.6° 15.4%° 14.8%° 3.64 0.0419

Abbreviations: D1 = 0.8 adults/cm?, D2 = 1.1 adults/cm?, D3 = 1.3 adults/cm?, D4 = 1.6 adults/cm?.

abValues within a row with different superscripts differ significantly at P < 0.05.
! 1 crate of 50 ovaries; otherwise 25 ovaries/crate.
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Table 4
Effect of the breeding density (D) and breeding week (W) of Tenebrio molitor adults on their BW (g/adult).
Breeding density Treatments RSD P-value P-value
D1 D2 D3 D4 D D D*w
N. of crates' 12 12 12 12
BW (g/adult)
Week 1 0.1227* 0.1236* 0.1242* 0.1246* 0.002 0.1731 0.5597
Week 2 0.1236%> * 0.1223% % 0.1247* % 0.1244* % 0.002 0.0075
Week 3 0.1265% 0.1264% 0.1271% 0.1269% 0.002 0.8754
Week 4 0.1272% 0.1267% 0.1285% 0.1276% 0.002 0.1552
RSD W 0.002 0.002 0.002 0.03
P-value W <0.0001 <0.0001 <0.0001 0.0008
Weeks 1-4 0.1252% 0.1246° 0.1257% 0.1263° 0.02 0.0145
Abbreviations: D1 = 0.8 adults/cm?, D2 = 1.1 adults/cm?, D3 = 1.3 adults/cm?, D4 = 1.6 adults/cm?;
abyvalues within a row with different superscripts differ significantly at P < 0.05.
“>Values within a column with different superscripts differ significantly at P < 0.05.
1100 adults/crate.
Table 5
Effect of the breeding density of Tenebrio molitor adults on feed and carrots intake (mg/adult) in 4 weeks of breeding.
Breeding density Treatments RSD P-value
D1 D2 D3 D4
N. of crates 12 12 12 12
Total pelleted feed intake 259¢ 276° 283° 304° 12.2 <0.0001
Total carrots intake' 186%° 182° 182° 190° 5.13 0.0015
Daily pelleted feed intake 9.24¢ 9.87° 10.1° 10.9? 0.44 <0.0001
Daily carrots intake 6.63%" 6.51° 6.52° 6.79° 0.18 0.0015

Abbreviations: D1 = 0.8 adults/cm?, D2 = 1.1 adults/cm?, D3 = 1.3 adults/cm?, D4 = 1.6 adults/cm?.

! The consumed carrots were calculated on DM basis.

Table 6

Effect of the breeding density of Tenebrio molitor adults on their proximate composition (g/100 g insect), cholesterol (mg/kg insect) and chitin (g/100 g insect) contents.
Breeding density Treatments RSD P-value

D1 D2 D3 D4

N. of crates' 6 6 6 6
Water 60.1 59.9 60.2 59.8 0.58 0.7095
Protein® 18.0 18.5 17.7 18.4 0.80 0.3128
Lipids 7.89% 7.63% 7.38° 7.40%° 0.22 0.0019
Ash 1.22 1.23 1.23 1.24 0.02 0.3239
Cholesterol 657° 626 612° 630" 20.2 0.0079
Chitin 5.65 5.68 5.65 5.54 0.25 0.8262

Abbreviations: D1 = 0.8 adults/cm?, D2 = 1.1 adults/cm?, D3 = 1.3 adults/cm?, D4 = 1.6 adults/cm?.

abvalues within a row with different superscripts differ significantly at P < 0.05.
! N =50 g of adults/crate.
2 N x 4.76.

tent, with D1 adults having higher amounts than D3 adults (657 vs
612 mg/kg insect; P < 0.01). The breeding density of TM adults had
a marginal effect on their FA profile (Table 7). A significant differ-
ence resulted in the heptadecenoic acid (C17:0) content, with the
highest value observed in group D3 and the lowest in group D2
(0.33 vs 0.28%, respectively; P < 0.01). Among the saturated FAs
(SFAs), stearic acid (C18:0) was the most abundant, with the high-
est value showed by adults reared at D1 and the lowest in those
reared at D4 (4.56 vs 4.29%, respectively; P < 0.05) The sole
monounsaturated FAs (MUFAs) affected by breeding density was
C17:1, which was higher in adults reared at D4 compared to D1
and D2 (0.30 vs 0.21 and 0.22%, respectively; P < 0.05). The total
amount of polyunsaturated FAs (PUFAs) was higher in adults
reared at the lowest density (D1) than in those reared at densities
D2 and D4 (28.5 vs 27.7% for both; P < 0.05). This result was attri-
butable to the proportion of n-6 FA, with specific emphasis on two
FAs: linoleic acid and arachidonic acid (P < 0.05), whereas the total
n-3 FA remained unaffected by adult density. Despite this, the n-6/
n-3 ratio was similar in all the groups, with an average value of
41.9.

Larvae productive performances

As expected, the total weight of larvae at 5 weeks of age (before
density equalisation) augmented with increasing density, reaching
the highest value in density D4 and the lowest in density D1 (595 g
vs 336 g, respectively; P < 0.0001) (Table 8). At 5 weeks old, larvae
exhibited higher individual weights in densities D3 and D4
(0.0175 g on average) compared to densities D1 and D2
(0.0135 g on average) (P < 0.05; Table 8).

The total number of larvae per crate increased with the increas-
ing density (26 100 vs 31 530 vs 35 970, for D1, D3 and D4, respec-
tively; P < 0.0001).

At 8 weeks of age, the total weight of larvae increased from den-
sity D1 to density D2 (1 082 gvs 1 101 g; P < 0.01). Differently, the
total weight of larvae was similar among groups D2, D3 and D4.
Overall, at 8 weeks of age, larvae from density D4 and D3 exhibited
higher individual BWs compared to those from density D1 and D2
(0.112 vs 0.104 g and 0.106, respectively; P < 0.0001). Larvae feed
intake from week 5 to week 8 was lower in density D1 (1 681 g)
compared to the other three densities (1 763 g, on average;
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Table 7
Effect of the breeding density of Tenebrio molitor adults on their fatty acid profile (% total Fatty Acid Methyl Esters).
Breeding density Treatments RSD P-value
D1 D2 D3 D4

N. of crates 12 12 12 12
C14:0 2.00 1.95 2.03 1.95 0.08 0.2621
C15:0 0.16 0.16 0.17 0.17 0.03 0.9303
C16:0 19.7 19.5 19.6 19.5 0.27 0.3597
C17:0 0.29% 0.28° 0.33% 0.32% 0.03 0.0248
C18:0 4.56° 4.45% 4.46%° 4.29° 0.15 0.0396
C20:0 0.15 0.12 0.08 0.07 0.06 0.1501
C22:0 0.16 0.15 0.20 0.19 0.04 0.0550

Total SFAs 27.1 26.7 26.9 26.6 0.39 0.1503
C16:1 1.38 1.47 1.44 1.43 0.06 0.1246
C17:1 0.21° 0.22° 0.25% 0.30% 0.03 0.0004
C18:1 n-9 40.2 40.9 40.8 403 0.59 0.1195
C20:1 n-9 0.39 0.48 0.44 0.47 0.07 0.1809
C22:1 n-9 0.05 0.03 0.01 0.05 0.04 0.3148

Total MUFAs 422 43.1 43.0 426 0.60 0.0656
C18:2 n-6 27.6 26.9° 27.0% 26.9° 0.45 0.0366
C18:3 n-6 0.07 0.09 0.09 0.05 0.03 0.0837
C18:3 n-3 0.63 0.62 0.61 0.59 0.03 0.0966
C20:2 n-6 0.01 0.08 0.06 0.08 0.05 0.0593
C20:4 n-6 0.08? 0.01° 0.00° 0.00° 0.03 0.0001

Total PUFAs 28.5% 27.7° 27.8% 27.7° 0.47 0.0207
n-6 27.8% 27.1% 27.2% 27.1° 0.44 0.0237
n-3 0.70 0.64 0.65 0.63 0.06 0.1683
n-6/n-3 39.8 421 423 432 3.50 0.3842

Identified 97.8 97.5 97.7 96.9

Abbreviations: D1 = 0.8 adults/cm?, D2 = 1.1 adults/cm?, D3 = 1.3 adults/cm?, D4 = 1.6 adults/cm?; SFAs = saturated fatty acids; MUFAs = monounsaturated fatty acids;
PUFAs = polyunsaturated fatty acids.
aPValues within a row with different superscripts differ significantly at P < 0.05.

Table 8

Effect of the breeding density of Tenebrio molitor adults on larval weight (at 5 and 8 weeks of age, respectively) and number of larvae (at 5 weeks of age) of batches 1-4.
Breeding density Treatments RSD P-value

D1 D2 D3 D4

N. of crates’ 12 12 12 12
Total weight of larvae before density equalisation at 5 weeks (g/crate) 336¢ 444°¢ 514° 5952 58.1 <0.0001
Individual weight of larvae at 5 weeks (g/larva) 0.0131° 0.0140° 0.0174° 0.0176 0.03 <0.0001
Total larvae at 5 weeks (n/crate)? 26 100°¢ 32 4407 31 530° 35 970° 7 399 <0.0001
Total weight of larvae at 8 weeks (g/crate) 1082° 1101 1133 11262 63.9 0.0003
Individual weight of larvae at 8 weeks (g/larva) 0.104° 0.106° 0.110* 0.1132 0.06 <0.0001

Abbreviations: D1 = 0.8 adults/cm?, D2 = 1.1 adults/cm?, D3 = 1.3 adults/cm?, D4 = 1.6 adults/cm?.
2byalues within a row with different superscripts differ significantly at P < 0.05.

1100 larvae/crate.

2 (alculated considering the total weight of larvae at 5 weeks of age, before density equalisation.

Table 9
Effect of the breeding density (D) of Tenebrio molitor adults on feed intake, weight gain and feed conversion ratio of larvae from 5 to 8 weeks of age (after density equalisation).
Breeding density Treatments RSD P-value
D D
D1 D2 D3 D4
Feed intake' (feed and carrots) (g/crate) 1681° 1747° 1779 1764* 36.2 <0.0001
Weight gain (g/crate) 949 960 959 950 315 0.1776
FCR (per crate) 1.78° 1.823 1.86° 1.86% 0.05 0.0008

Abbreviations: D1 = 0.8 adults/cm?, D2 = 1.1 adults/cm?, D3 = 1.3 adults/cm?, D4 = 1.6 adults/cm?; FCR = feed conversion ratio;
abyalues within a row with different superscripts differ significantly at P < 0.05.
! the intake of feed and carrots was calculated on DM basis.

P<0.001; Table 9). However, the breeding density of adults did not Chemical composition of larvae

affect the weight gain of larvae (Table 9). Density D1 demonstrated

a lower FCR (1.78) compared to densities D3 and D4 (1.86; The breeding density of adults had a notable impact on the
P < 0.001), with an intermediate value observed for density D2. proximate composition of larvae. Specifically, at 5 weeks of age,
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larvae from D1 and D2 exhibited higher water content compared to
those from D3 and D4 (69.0 vs 67.1 g/100 g, on average, respec-
tively; P < 0.0001; Table 10). Conversely, both protein and lipid
contents increased with rising breeding density (P < 0.0001). Fur-
thermore, larvae from density D4 displayed the highest cholesterol
content (P < 0.05). By the time, they reached 8 weeks of age, breed-
ing density no longer influenced the water, protein, or lipid content
of the larvae. However, ash content was the highest in density D1
and the lowest in the other three densities (1.33 vs 1.28 g/100 g, on
average, respectively; P < 0.0001). Moreover, cholesterol and chitin
contents decreased with increasing breeding density (P < 0.01).

Chemical composition of frass

Results presented in Supplementary Table S3 reveal that the
breeding density of TM adults influenced the chemical composition
of frass. Specifically, the lipid content was higher in groups D2 and
D3 compared to group D1, whereas D4 exhibited an intermediate
value (P < 0.01). Frass obtained from density D1 showed lower
ash content compared to D3 (P < 0.01) and higher starch content
compared to D3 and D4 (P < 0.01).

Animal 18 (2024) 101360
Discussion

Effect of adult breeding density on adult’s performances and
reproduction

Existing scientific literature offers useful information on the
optimal breeding density for TM adults. However, most studies
were conducted on a small or laboratory scale, thus limiting the
applicability of the results, the latter remaining a significant gap
yet to be filled in the industrial-scale context. Therefore, identify-
ing the optimal breeding density for TM adults is crucial to ensure
a cost-effective and sustainable insect production. Findings of the
present study revealed a significant impact of the TM adults breed-
ing density on their individual BW. The higher individual BW of TM
adults in group D4 compared to group D2 could be attributed to an
increased feed intake, as demonstrated by the results. Previous
research showed that high breeding densities expose insects to
an increased competition for feed, leading to a stressful condition
that decreases feed intake (Morales-Ramos and Rojas, 2015). How-
ever, in the present study, both feed and carrots were provided in
proportional amounts to each density to ensure the possibility for

Table 10
Effect of the breeding density (D) of Tenebrio molitor adults and larvae age (A) on proximate composition (g/100 g), cholesterol (mg/kg) and chitin (g/100 g) contents of larvae.
Breeding density Treatments RSD P-value P-value
D1 D2 D3 D4 b D D"A
N. of crates' 12 12 12 12
Water
Week 5 69.2% 68.8% 67.3° 66.9° 0.80 <0.0001 <0.0001
Week 8 65.3 65.5 65.5 65.4 0.42 0.4253
RSD A 0.65 0.65 0.71 0.52
P-value A <0.0001 <0.0001 <0.0001 <0.0001
Weeks 5-8 67.2% 67.2% 66.4° 66.2° 0.64 <0.0001
Protein?
Week 5 15.0° 15.15%¢ 15.4%° 15.6° 0.27 <0.0001 <0.0001
Week 8 12.4 12,5 124 12.4 0.05 0.4420
RSD A 0.17 0.29 0.17 0.21
P-value A <0.0001 <0.0001 <0.0001 <0.0001
Weeks 5-8 13.7¢ 13.8% 13.9% 14.0° 0.21 <0.0001
Lipids
Week 5 5.70° 5.77° 6.55% 6.76% 0.49 <0.0001 0.1310
Week 8 10.9 10.5 10.5 11.2 0.25 0.3847
RSD A 0.29 0.66 1.69 0.48
P-value A <0.0001 <0.0001 <0.0001 <0.0001
Weeks 5-8 8.30% 8.13" 8.50% 8.997 0.95 0.0135
Ash
Week 5 1.62 1.62 1.60 1.61 0.03 0.0665 0.0279
Week 8 1332 1.29° 1.27° 1.27° 0.03 <0.0001
RSD A 0.02 0.03 0.03 0.03
P-value A <0.0001 <0.0001 <0.0001 <0.0001
Weeks 5-8 1.48° 1.45% 1.43° 1.44° 0.03 <0.0001
Cholesterol
Week 5 719° 729° 7523 7952 27.1 0.0004 <0.0001
Week 8 6167 5982 600" 592° 115 0.0140
RSD A 19.9 19.6 12.7 0.26
P-value A <0.0001 <0.0001 <0.0001 <0.0001
Weeks 5-8 667 663" 676 694? 20.8 0.0045
Chitin
Week 5 3.01 291 3.00 3.14 0.53 0.9005 0.5444
Week 8 2272 2.24% 2.09% 2.05° 0.10 0.0020
RSD A 0.66 0.27 0.12 28.2
P-value A 0.0813 0.0014 <0.0001 <0.0001
Weeks 5-8 2.64 2.57 255 2.60 0.38 0.9491

Abbreviations: D1 = 0.8 adults/cm?, D2 = 1.1 adults/cm?, D3 = 1.3 adults/cm?, D4 = 1.6 adults/cm?.

abValues within a row with different superscripts differ significantly at P < 0.05.
' 100 g of larvae/crate.
2 N x 4.76.
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TM adults to feed ad libitum, thus minimising any potential
competition.

Independently to the potential competition for feed, over-
crowding during breeding can lead to stress, which could explain
the lower content of lipids observed in adults reared at high densi-
ties compared to low-density ones. This hypothesis could not be
verified with other trials on insects, since this aspect has not been
investigated yet. However, in several fish species too, it was
observed that overcrowding conditions are the source of stress
(Huntingford et al., 2007), leading to decreased body lipid content,
mobilisation and utilisation (Basrur et al., 2010; Tolussi et al.,
2010; Ren et al., 2017).

Similarly, as observed for lipids, cholesterol content in adults
also decreased with increasing stocking density, although the dif-
ference was significant only between D1 and D3. In insects, choles-
terol serves as the primary sterol for synthesising vitamin D3 and
ecdysteroids, a class of steroid hormones. Stressed insects are
expected to increase cholesterol utilisation as an energy source
to sustain vital functions (Mlcek et al., 2019), which could explain
the current finding. Another hypothesis to explain this finding
could be linked to increased reproductive activity in TM adults
reared at high densities compared to those reared at lower ones.
A higher reproductive activity determines a higher depletion of
body reserves (Skowronek et al., 2021), including cholesterol to
synthesise ecdysteroids. A more intense reproductive activity in
TM adults kept at higher densities could also partly be corrobo-
rated by the results on ovary incidence calculated at the end of
the reproductive period.

According to previous studies, stress derived from overcrowd-
ing can lead to cannibalism phenomena (Morales-Ramos et al.,
2012; Deruytter et al., 2019; Deruytter and Coudron, 2021). How-
ever, in the current study, mortality rates were similar across dif-
ferent breeding densities, thus not confirming previous findings.
The peak in mortality observed during the second breeding week
remains unexplained. One possibility is that this result could be
attributed to the initial handling of young and fragile adults, which
was required to start the experiment. However, if this was the case,
a high mortality rate should have also been observed during the
first breeding week, which was not. Following the second week,
TM adult mortality decreased, aligning with previous findings
(Morales-Ramos et al., 2012).

When TM adults were reared at high stocking densities, some
authors (Berggreen et al., 2018; Morales-Ramos et al., 2012; Zim
et al., 2022) reported a depressed reproductive activity, with a
reduced number of eggs produced per adult (Frooninckx et al.,
2022) and decreased fertility (Zim et al., 2022). Accordingly, in this
study, the ratio of grams of larvae/crate to grams of adults
decreased from 2.80 to 2.48 (R? = 0.8856; Fig. 2) as the breeding
density increased from group D1 to group D4. This substantiates
the negative correlation between eggs production and adult breed-
ing density (Frooninckx et al., 2022).

On the other hand, no differences in hatchability rates were
observed across the different breeding densities. The average
hatchability rate was 85%, which greatly differed from data
obtained by Frooninckx et al. (2022), who reported an average
hatchability value of 97%. These discrepancies are not surprising
since, as showed by Adamaki-Sotiraki et al. (2022), the reproduc-
tive outcomes of different TM strains can greatly differ. This
emphasises the need to conduct a proper genetic selection of TM
strains to enhance the overall TM production cycle efficiency.

The weight of adults’ ovary, along with its impact on adults’
weight, could serve as indicator of fertility and reproductive activ-
ity. Although the weight of the ovary itself did not vary among the
different rearing densities examined, its relative impact on adults’
weight was lower at the lowest rearing density and the lowest in
absolute terms considering numerical values (13.8 in D1 vs 15.3%
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Fig. 2. Linear regression of Tenebrio molitor larvae production (g larvae/g adult)
according to adult breeding density. Abbreviations: wk = week.

average considering D2, D3 and D4). One possible explanation for
this finding is that an increased farming density of TM adults
may have stimulated the reproductive activity which could have
determined the observed ovary incidence trend. In fact, previous
research highlighted that TM adults bred at a density of 1.5
adult/cm? (very similar to D4: 1.6 adults/cm?) displayed the high-
est fecundity (Zim et al., 2022). Conversely, another possibility is
that the increased stress of TM adults kept at densities >0.8
adults/cm?, depressed the reproductive activity thus reducing
ovary incidence (% adult weight). This would support studies were
it was observed that increasing adult breeding densities led to a
reduction in the reproductive performance in TM (Morales-
Ramos et al., 2012). The latter seems therefore an aspect that mer-
its further study.

Given these considerations, increasing the breeding density of
TM adults did not impact overall mortality. Instead, higher densi-
ties led to greater total feed intake. Although the ratio of grams
of larvae per crate to grams of adults decreased as breeding density
increased, this resulted in a higher total weight of larvae produced,
with individual larval weight also increasing. These findings align
with existing research on the topic (Berggreen et al., 2018;
Deruytter et al., 2019; Liu et al., 2022; Zim et al., 2022). In the pre-
sent research, the number of larvae produced decreased as adults
became older (from breeding cycles 1-4), confirming the negative
correlation between adult age and eggs laid (Morales-Ramos et al.,
2012; Berggreen et al., 2018).

Effect of adult breeding density on larvae performances and chemical
composition, and on frass characterisation

As the breeding density of TM adults increased, the quantity of
larvae produced/crate, and their final weight, showed a remarkable
increment. Different densities affected feed and carrot intake from
weeks 5 to 8, with higher densities leading to increased consump-
tion. This finding contrasts with the results of Morales-Ramos and
Rojas (2015), who observed a depressed larval feed intake under
high—density conditions. In the present study, the amount of feed
and carrots provided to the larvae was adjusted according to
breeding density, thereby preventing potential feed shortages
and ensuring ad libitum feeding.

The initial hypothesis was that adults reared at density D4
would have produced approximately twice the number of larvae
compared to those reared at density D1 and the quantity of ad libi-
tum feeding was calculated in this perspective. However, this was
not observed probably due to a combination of density-related fac-
tors such as eggs cannibalism or reduced adult fertility, as depicted
in previous research (Zim et al., 2022).
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Fig. 3. Linear regression of the individual weight of Tenebrio molitor larvae at (A) 5 and (B) 8 weeks of age (average of 4 batches) according to adult breeding density.

Abbreviations: wk = week.

As a consequence, larvae reared at densities D3 and D4 probably
had access to a proportional greater quantity of feed and carrots
compared to larvae at densities D1 and D2, which could have con-
tributed to their increased feed intake and, as a consequence, aug-
mented individual larval weight at week 5 (Fig. 3: rise in individual
larvae weight with increasing adult breeding density, R? = 0.8404).
To further corroborate this speculation, the body of 5-weeks-old
larvae showed to be enriched in protein, lipids and cholesterol with
increasing TM adults breeding density (Table 10), thus suggesting a
higher maturity degree.

The difference in larvae size recorded at 5 weeks, before equal-
isation, was maintained throughout the growing process and was
detected again at 8 weeks (rise in individual larval weight). Despite
larvae had been equalised at 5 weeks of age, thus all groups started
the growing part of the cycle at the same conditions, at 8 weeks a
strong correlation between individual larval weight with increas-
ing density was again observed (Fig. 3: R? = 0.9653). This finding
could be explained by the performance results (larvae feed intake,
weight gain and FCR from 5 to 8 weeks). The biggest larvae (D2, D3
and D4) were able to consume more feed than D1 but showed a
similar weight gain. Consequently, from 5 to 8 weeks, larvae size
was maintained throughout the second part of the cycle. From an
efficiency point of view, present findings indicated that increasing
adult breeding density worsened the production efficiency of lar-
vae in the second part of the cycle too (Fig. 4: in the period 5-
8 weeks, FCR was positively correlated with adult breeding density,
R? = 0.8663). Literature provides a heterogeneous scenario in this
sense, where some research also showed that larvae efficiency
decreased with increasing the breeding density of adults
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Fig. 4. Linear regression of the FCR of Tenebrio molitor larvae (average of 4 batches)
according to adult breeding density. Abbreviations: FCR = feed conversion ratio.
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(Bordiean et al., 2022), but others found no or minimum variations
in FCR as a consequence of breeding density (Deruytter et al., 2022:
0.6 vs 2.5 adults/cm?).

At 8 weeks of age, larvae showed a similar chemical composi-
tion, with the exception of cholesterol and chitin contents: in both
cases, the amounts decreased from D1 to D4 and from week 5 to
week 8. The lower cholesterol content of larvae at 8 weeks of age
compared to 5 weeks may be linked to their development. For
instance, as observed in rabbits, cholesterol content decreases with
age due to a reduced proportion of cell membranes, where choles-
terol is a key component, relative to the total cell mass (Dalle Zotte,
2002). Differently, the declining chitin content of larvae from D1 to
D4 density and from week 5 to week 8 remain to be explained. In
fact, from existing knowledge on the variations in Tenebrio molitor
body composition in relation to different developmental stages,
chitin should increase along with development (from 7.2 to
11.8% in dry weight; Yu et al,, 2021), reaching maximum values
at the adult age.

Independently to the considered treatment groups, at 8 weeks
of age, all TM larvae had a nutritional composition in line with lit-
erature data (Pasini et al., 2022). The breeding density of TM adults
influenced also the chemical composition of frass. In this regard, it
is worth mentioning the results on the starch content: since insects
do not contain starch, its presence is attributable to the presence of
feed. A higher amount of starch could be the result of a lower feed
intake which is coherent with present findings, since D1 larvae
exhibited the lowest feed intake thus leaving a higher residual
amount of starch in the frass.

Conclusions

Overall, the present research offers valuable insights for the
optimisation of TM breeding on an industrial scale. Variations in
adult breeding densities (ranging from 0.8 to 1.6 adults/cm?) had
no influence on adult mortality. Adults reared at the lowest density
(0.8 adults/cm?) exhibited increased production efficiency, namely
an improvement in larval production/adult and a reduction in lar-
vae FCR. However, given the limited cost of feed for TM adults and
thus the relatively low incidence on cycle profitability, from an
industrial perspective, the higher yield of larvae/crate and their
greater final weight at a density of 1.6 adults/cm? seem to indicate
this option the preferred choice to maximise overall farm
productivity.

Supplementary material

Supplementary material to this article can be found online at
https://doi.org/10.1016/j.animal.2024.101360.
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