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Abstract: Tenebrio molitor larvae live, at least partially, inside their feed. Hence, they do not live on
a 2D plane but in a 3D environment. However, previous studies mainly focused on the optimal
number of larvae for a given surface area, not the available volume. The goal of this study was
to assess the growth and survival of mealworms in a standardized semi-industrial setting with a
varying density (cm3) and substrate height. A full factorial experimental design was used with five
larval densities (0.5–8 larvae/cm3) and four feed heights (1–8 cm) in 60 × 40 cm crates. Furthermore,
the in-crate temperature was monitored and linked to the density. The results of this study clearly
indicate that mealworm larvae prefer a low density (cm3). At low larvae densities, the substrate
height was less important, with a slight preference for a thicker layer. In contrast, at high(er) larval
densities, a lower layer thickness resulted in better growth. The in-crate week temperature varied up
to 14 ◦C (25–39 ◦C) between treatments and could be predicted well based on the number and size of
the larvae. These results may help the industry to improve their production efficiency in terms of
larvae density, substrate height and room temperature.
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1. Introduction

Conventional terrestrial livestock (e.g., cattle) live in a 2D world, such as a pasture or
pigsty. The optimal stocking densities, in terms of animal welfare, growth and economic
return, are based on surface area and can be expressed as the number of individuals per
square meter [1,2]. In the fairly new field of insect rearing for feed and food, it may be
more difficult to calculate the optimal density. Two of the economically most important
insect species (Tenebrio molitor and Hermetia illucens) live, at least partially, inside their feed.
Hence, they do not live on a 2D plane but in a 3D environment.

Previous studies on T. molitor focused mainly on the (optimization of the) number of
larvae for the available surface area (2D). Morales-Ramos and Rojas [3] observed significant
adverse effects on growth, feed consumption and efficiency with an increase in larval density
(per cm2). However, in a study conducted by Deruytter and Coudron [4], the differences in
growth, the feed conversion ratio and frass production between 0.6 and 10.4 larvae/cm2 were
limited when the larvae were provided with an equal volume of feed. The latter indicates that
the available volume is a better growth predictor compared to the available area for wheat bran.
However, the study conducted by Deruytter and Coudron [4] used a single volumetric density
of 1 larvae/cm3. Therefore, the optimal number of larvae per given volume is unknown.
Further complicating the estimation of the optimal density is the possibility that the vertical
distribution of the mealworm larvae may not be perfectly homogeneous throughout the entire
available volume. Some work has been carried out with respect to the vertical distribution
of stored product pest species [5], but the authors of the present study are not aware of
any scientific study on this in a Tenebrio-rearing facility. Heterogeneous vertical distribution
would result in different densities throughout the layers. Density differences may result
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in differences in growth and pupation speed, as seen in other tenebrionid beetles [6], or
differences in mortality, as seen in gypsy moths [7]. Therefore, the substrate depth could affect
the optimal density and should be assessed simultaneously.

As suggested by Morales-Ramos and Rojas [3], one of the potential factors that may cause
a change in larval performance with a varying density is an increase in crate temperature
(vs. ambient temperature), with an increase in larval activity being due to the production
of metabolic heat. This change may be beneficial when the crate temperature reaches more
optimal temperatures [8,9] compared to the ambient temperature or may also decrease growth
when exceeding this optimum. The difference between the core crate temperature and the
ambient temperature may not only depend on the number of larvae but also the size/age of
the larvae and the substrate height and composition (insulation capacity).

Knowledge on the density vs. growth relationship is important for mealworm farmers
trying to optimize their own production. It may also help with the translation from
benchtop experiments to the industry and, finally, improve the comparability of different
studies’ results. The latter is due to a lack of regulations on the number of larvae, substrate
height and mandatory information in scientific publications, resulting in many different
experimental designs [10–12]. Hence, a strong density vs. growth relationship would
induce an additional variation that needs to be taken into account when comparing results.

The goal of this study was to assess the growth and survival of mealworms fed with
wheat bran in a standardized semi-industrial setting with a varying density (cm3) and
substrate height. Furthermore, the results were linked to the crate temperature. The results
may help the industry to improve production efficiency.

2. Materials and Methods
2.1. Experimental Setup

Tenebrio molitor was reared at a temperature of 27 ± 1 ◦C and relative humidity (RH) of
60 ± 3% in the dark [13] at the Insect Research Centre of Inagro in 60 × 40 cm plastic crates
(surface area of 2000 cm2). The larvae for the experiment were obtained by using 11 × 250 g
of beetles with an average age of 4 weeks. The beetles were allowed to oviposit for 8 days.
Thereafter, the eggs and feed (Insectus, Mijten bv. Belgium) were collected and placed in the
same climate conditions. Two weeks after oviposition, agar gel (25 g agar/L, Brouwland bv,
Belgium, [14]) was provided as wet feed ad libitum. Four weeks after oviposition, the frass
was sifted out (0.5 mm), and the remaining larvae/feed mixture was gently homogenized.
Three subsamples were taken to estimate the number and average weight of the larvae
at the start of the experiments. This process was repeated four times to set up the total
experiment in quadruplicate.

A full factorial experimental design was used with 5 larval densities and 4 feed heights in
60 × 40 × 10 cm crates (total 4 × 20 crates, Table 1). The necessary amount of wheat bran was
added to each crate as dry feed (0.2 kg/L, particle size <2 mm). The original volume of wheat
bran was maintained by sifting out the frass every week (in a 0.5 mm sieve), determining
the residual volume of the crate and adding fresh wheat bran (0.2 kg/L, particle size <2 mm)
up to the original intended volume. For the high-density crates (4 and 8 larvae/cm3), the
rate at which new wheat bran was provided increased by the end of the experiment due to
the voracious feeding of the larvae. Well-distributed wet feed (agar 25 g/L) was provided
ad libitum. The presence of the wet feed was confirmed twice a day, and agar was added
or replaced when required. To assess mealworm growth and mortality, the total weight and
volume of the substrate + larvae of each crate were determined each week using an ICS425
balance (Mettler Toledo, Zaventem, Belgium) and a measuring cup of the appropriate size.
After homogenizing the content, a subsample was taken to assess the number and average
weight of the mealworm larvae using a ME203T (Mettler Toledo, Zaventem, Belgium, on
average 150 larvae/subsample). Nine weeks after oviposition, the larvae started pupating,
and the experiment was terminated. The high-density crates (8 larvae/cm3) were harvested
after 4 weeks, as larvae health issues prohibited further continuation. In 3 of the 4 replicates, a
temperature logger (Trix-8 LogTag®, Gennep, The Netherlands) was placed on the bottom
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in the center of the crate, and it recorded the temperature every 15 min for the duration of
the experiment.

Table 1. The 20 different densities and feed height combinations that were assessed in this study
and the corresponding volume (in a 60 × 40 × 10 crate), mass, areal density (2D) and amount of
mealworms. Each object was set-up 4 times. #mw = number of mealworms.

Object Volumetric
Density Volume Mass Height Areal

Density #mw

Larvae/cm3 dm3 Kg cm Larvae/cm2 ×1000
1 0.5 2 0.4 1 0.5 1
2 0.5 4 0.8 2 1 2
3 0.5 8 1.6 4 2 4
4 0.5 16 3.2 8 4 8
5 1 2 0.4 1 1 2
6 1 4 0.8 2 2 4
7 1 8 1.6 4 4 8
8 1 16 3.2 8 8 16
9 2 2 0.4 1 2 4

10 2 4 0.8 2 4 8
11 2 8 1.6 4 8 16
12 2 16 3.2 8 16 32
13 4 2 0.4 1 4 8
14 4 4 0.8 2 8 16
15 4 8 1.6 4 16 32
16 4 16 3.2 8 32 64
17 8 2 0.4 1 8 16
18 8 4 0.8 2 16 32
19 8 8 1.6 4 32 64
20 8 16 3.2 8 64 128

2.2. Data Analysis

A statistical analysis was performed using R 4.1.2 statistical software (R Foundation
for Statistical Computing, Vienna, Austria). Due to the longitudinal nature of the data,
taking into account the differences in initial weight of the larvae and the potential different
growth curves between the replicates, linear mixed-effect modeling was necessary (Lme4
package). A correction on the theoretical density for each replicate was made based on the
estimated number of mealworms in the first 2 weeks (n = 40) instead of using the initial
estimate (n = 3), resulting in a more accurate density modeling. The matches between the
actual and theoretical densities were 100% for R1, 88% for R2, 89% for R3 and 111% for R4.

To fully understand the relationship between density, substrate and mealworm growth, two
different models were assessed. The first model describes the growth curve of the mealworm
larvae over time for different densities and substrate heights (full model, Equation (1)):

AW = T × D × H + T2 + D2 + H2 (1)

where AW = log10 average weight (mg), T = time (weeks), D = log10 density (larvae/cm3)
and H = log10 substrate height (cm). To determine the optimal model, the full model
(Equation (1)) was reduced via backward selection until all parameters in the model were
significant (p-value < 0.05).

The second model (Equation (2)) describes the changes in the potential growth rate of
different mealworm sizes for the different densities and substrate heights.

GR= AW × D × H + AW2 + D2 + H2 (2)

where GR = potential growth rate defined as the average weight at the end of the week/average
weight at the start of the week, AW = log10 average weight (mg), D = log10 density (larvae/cm3)
and H = log10 substrate height (cm).
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In order to assess the heat production in each crate, the difference between the crate
temperature and the ambient temperature was calculated. The analysis only included
temperature data from between 8:00 p.m. and 6:00 a.m. to eliminate any artificial tempera-
ture fluctuations that may occur during the daytime working hours, e.g., during sampling.
Thereafter, the average temperature difference per week was calculated. A modeling as-
sumption was made that the increase in temperature would mainly be due to the metabolic
activity of the larvae, and potential microbial contribution was ignored; therefore, the
following model was used (Equation (3)):

TD = AW × #larvae + AW2 + #larvae2 (3)

where TD = temperature difference between the core crate temperature and the ambient
temperature (◦C), AW = average weight (mg) and #larvae = estimated total number of
larvae in the crate. A more simplified and practical model was also made solely based on
the log10 biomass of the crate.

3. Results

With an average survival of 95% (SD 12%) for all assessed crates, larval mortality was
limited, except for the highest density combined with the highest substrate height (Object
20, Table 1), where survival was on average 68% at the end of the experiment. As only 1 of
the 20 objects had decreased survival, the statistical analysis did not result in a usable,
robust, predictive model.

Mealworm larvae growth could be modeled well when taking into account time,
larval density (per cm3) and substrate height (marginal R2: 0.94). All three parameters,
interactions and quadratic effects were significant (Table 2). At a low density, larvae grew
better with a high substrate height, while the opposite was observed for high densities.
Irrespective of the substrate height, lower densities resulted in a faster growth with a higher
average mealworm weight at harvest. The data indicate that larval density was more
important than substrate height within the current experimental limits (Figure 1). Similar
conclusions were reached when modeling the growth rate (per week) based on the density,
substrate height and the average weight of the larvae (marginal R2: 0.91). The initial weekly
growth rate started between 2.5 and 3 and declined, as expected, to 1 (no growth) near
the end of the experiment. At a low density, the growth rate decreased with an increase in
the larval weight, nearly irrespective of the substrate height. At higher densities, a lower
substrate height resulted in a better growth rate. Conversely, the growth rate at a lower
density always outperformed the growth rate at higher densities, irrespective of the size of
the larvae.

Table 2. The mealworm larvae growth and growth ratio models with Int. = intercept, T = time (w),
H = substrate height, D = larvae density (cm3), W = average weight larvae and SE = standard error.

Growth Model Growth Ratio Model

Parameter Estimate SE p-Value Parameter Estimate SE p-Value

Int. 0.630 0.0104 <0.001 Int 3.27 0.0623 <0.001
T 0.481 6.20 × 10−4 <0.001 W −0.963 0.0386 <0.001
D 0.0807 0.0137 <0.001 D 0.316 0.0753 <0.001
H 0.122 0.0193 <0.001 H 0.730 0.120 <0.001
T2 −0.0396 1.32 × 10−5 <0.001
H2 −0.102 0.0179 <0.001 H2 −0.287 0.094 0.0024
D2 −0.107 0.0106 <0.001 D2 −0.267 0.0542 <0.001

T × D −0.0282 5.60 × 10−4 <0.001 W × D −0.212 0.0440 <0.001
T × H 7.09 × 10−3 4.67 × 10−4 0.04 W × H −0.269 0.0573 <0.001
H × D 2.18 × 10−3 0.0217 0.92 D × H −0.263 0.0596 <0.001

T × D × H −0.0380 9.95 × 10−4 <0.001
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Figure 1. Visualization of the growth (left) and growth ratio (right) models for different densities and
substrate heights. Time starts at the beginning of the experiments with mealworms of 4 weeks of age.

An increase in crate temperature was observed in most crates. The core temperature
exceeded 41 ◦C at the highest density/substrate combination for all replicates, with an
absolute maximum of 43.9 ◦C in replicate 1 for a short time. The core temperature varied
between 25 ◦C and 39 ◦C between treatments. As expected, the difference between the
ambient and core temperatures was significantly and positively correlated with the number
of larvae and average size of the larvae (R2: 0.88, Table 3 and Figure 2). However, both
the data and the model indicate that a low number of larvae combined with a low larval
weight (low biomass) may result in a negative difference between the ambient and core
temperatures. The model can be simplified with only biomass as an explanatory variable,
as both the number of larvae and the average larval size seem to have a near identical
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influence on the core temperature; this results in only a 5% decrease in the explained
variation (R2 of 0.83%).

Table 3. The larval temperature model where W is the average weight of the larvae and # larvae is
the estimated number of larvae, and the Biomass temperature model where B is the total biomass in a
crate, # = number of larvae.

Larvae Temperature Biomass Temperature

Parameter Estimate SE p-Value Parameter Estimate SE p-Value

Int. −1.21 0.209 <0.001 Int. 7.95 1.04 <0.001
W 0.0316 6.36 × 10−3 <0.001 B −9.34 0.828 <0.001

#larvae 6.57 × 10−5 8.11 × 10−6 <0.001 B2 2.57 0.16 <0.001
#larvae2 −2.61 × 10−10 4.97 × 10−11 <0.001

W2 −1.57 × 10−4 4.15 × 10−5 <0.001
W × #larvae 1.18 × 10−6 9.50 × 10−8 <0.001
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Figure 2. The modeled in-crate temperature deviation from the ambient temperature in a 60 × 40 crate
using the number of larvae (left), larval weight (middle) or the total biomass (right). # = number of larvae.

4. Discussion

With a rising world population and a rising demand for protein, mealworm larvae
may be a promising alternative to conventional sources of animal protein [15]. They
are considered nutritious [16,17], as well as having a small environmental footprint [18].
However, there are some knowledge gaps on the basic rearing of this species, and the
optimal rearing density is one of those that was addressed in this study.

4.1. Density

The results of this study clearly indicate that mealworm larvae prefer a low den-
sity in a 3D environment, with the lowest assessed density resulting in the best growth
(0.5 larvae/cm3). The true optimal larvae density may be even lower. This preference is not
related to the substrate height; furthermore, the absence of intersecting lines in Figure 1
indicates that the preference for a low density is not related to the weight (age) of the larvae.
This implies that, within the assessed range, there are no growth benefits to be gained
by, for example, housing smaller larvae more densely compared to larger larvae. How-
ever, from economic and ecological points of view, using the optimal density for growth
(0.5 larvae/cm3) results in two major disadvantages when using the current setup. Firstly,
in this study, the larvae had more feed (2 cm3 or 400 mg) than they could efficiently con-
sume, resulting in increased feed costs and feed waste. Secondly, the resulting total harvest
was (very) low at this density compared to that of the other treatments, resulting in a
larger production footprint. To ameliorate these issues, an economically and ecologically
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more optimal density on wheat bran is 1 larvae/cm3 for a single feeding system. At this
density, all bran can be consumed by the time the larvae are fully grown [4], and the total
mealworm harvest can reach up to 2.1 kg per 60*40 crate. With multiple (or daily) feeding
systems, it is possible to rear up to 4 larvae/cm3 in good health, although with a lower
maximum individual weight. Combined with the highest substrate layer, 4 larvae/cm3

resulted in the highest yield in this experiment: 4.2 kg/crate (SD: 0.1 kg). Unsurprisingly, it
was impossible to keep 8 larvae/cm3 healthy in the current experimental setup. Growth
was slow; daily feeding was necessary at the end; and, especially with a high substrate,
the temperature increased to unfavorable conditions (>40 ◦C) or even crossed the lethal
threshold [8,19,20], resulting in excessive mortality. In contrast to all other crates, where
we assumed that the temperature increased predominantly due to metabolic activity, the
temperature in the highest density crates with a thick substrate layer (object 20, Table 1)
was at least partially due to microbial activity. However, with the current experimental
design, it was impossible to make a distinction between these two important factors.

4.2. Substrate Height

The optimal substrate layer height does depend on larval density. At low densities, the
substrate height was of lesser importance with a slight preference for a thicker layer. These
results concur with a previous study [4]. In that study, only limited effects were observed
for different substrate heights at a larvae density of 1 larvae/cm3 with a slightly slower
growth with low substrate height. This may be because low densities combined with a low
substrate height do not have the biomass to produce enough metabolic heat, resulting in
crate temperatures that are similar to or even lower than ambient temperature. Negative
deviations may be due to the evaporation of the wet feed. These results do concur with the
data of Weaver and McFarlane [21], which indicated that very low larvae numbers did not
perform well. In contrast, at high(er) larval densities, a lower layer thickness was clearly
preferred. It is hypothesized, again, that this is due to the heat production of the larvae
and the insulation capacity of the wheat bran. This concurs with the decreased growth
rate when increasing the number of larvae per square cm at higher volumetric densities
(estimated between 2.4 and 5.8 larvae/cm3) observed by Morales-Ramos and Rojas [3].

4.3. Temperature

Although the crate temperature may explain some of the observed effects, it cannot
explain everything. According to Bjørge et al. [8], a temperature around 31 ◦C would
result in optimal growth for T. molitor. The current experiment was performed at an
ambient temperature of 27 ◦C; therefore, a 4 ◦C increase could potentially benefit the
growth of the larvae. The model (Table 3) indicates, as expected, a positive relationship
between the number of larvae, the size of the larvae and the core temperature. If only the
temperature would influence the growth difference, one could expect a size-dependent
density preference, but this was not observed. Although the temperature models and
density models seem to contradict each other, it is more nuanced. Both the size of the larvae
and the number of larvae have a significant negative quadratic component resulting in a
non-linear fit. This indicates that, one gram of small larvae and/or fewer larvae produce
more heat than one gram of big larvae or dense crates (e.g., 4.2 ◦C for 100,000 larvae of
10 mg or 2.2 ◦C for 10,000 larvae of 100 mg). Furthermore, it is currently unknown if an
age-dependent optimal growth temperature exists and what the true optimal temperature
is. Bjørge et al. [8] indicated that 31 ◦C was the best assessed temperature; however, the
other closest assessed temperatures were 25.4 or 37 degrees, still leaving a wide window
to explore. Because the temperature was not actively changed but only monitored, it
is impossible to determine the optimal, age-specific crate temperature with the current
data. Finally, it is important to note that the results presented in this study are true for
the assessed conditions: plastic 60*40 crates with wheat bran and agar as feed at 27 ◦C.
Although commonly used equipment and environment conditions, changing these may
change the outcome. For example, metal crates may dissipate the heat faster allowing for
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higher densities just as lowering the ambient temperature may increase the difference [9], or
a different feed [22] may have a different volumetric density resulting in a different vertical
distribution and thermal insulation characteristics and feed conversion. Future research
could also assess if lower ambient temperatures are possible or feasible at a high-density
rearing facility.

4.4. Conclusions

The results of this study indicate that larvae density and substrate layer thickness
do influence the growth of larvae. Optimal growth is achieved at lower densities with a
thick substrate layer. This information should be mentioned in future papers and taken
into account in future (comparative) studies or reviews. The industry can use this data to
optimize their production efficiency, but a balance between optimal growth an economic
efficiency should be found. Future research is needed to assess if the conclusions hold true
for different rearing conditions.
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