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Abstract
In our research, the yellow mealworm, Tenebrio molitor L. was used. The
effects of two different foods on the pupation rate and time to emergence
from pupation of T. molitor at different larval densities were investigated.
The experiments were carried out under continuous dark laboratory
conditions with a temperature of 27+2°C and a relative humidity of
Research Article 60%+5%. Two different nutrient and four larval density groups were used
in the study. The first nutrient composition consisted of dry yeast and
wheat germ (150 gr in total, 1/2) The second nutrient composition
consisted of whole wheat flour and corn flour (150 gr in total, 1/1). Insects
were bred primarily on the tested nutrient media. Experimental sets were
prepared at four different larval densities for both foods. The number of

Correspopding Author larvae in plastic containers was adjusted to 20, 60, 200 and 600. To ensure
Yesim KOG equality, all larvae were selected from small larvae. (between 50 mg-120
ykoc@sinop.edu.tr mg). In our study, pupation rates were high, especially in groups

consisting of 20 and 60 larvae. The percentage of pupation decreased at
200 larval densities and sharply decreased at 600 larval densities in both
ORCID of the Authors diets. Especially the negative effects of the density are more obvious in
Y.K: 0000-0001-7125-2561 the second food. The effects on intensity were more pronounced,
especially in pupation of larvae, not in terms of pup time. As a result, it
would be advantageous for the larvae density not to be above 200 in terms
. of getting more yield and increasing the reproduction rate from T. molitor,
Received: 04.02.2024 which is demanded in large numbers as live feed. In conclusion, for the
Accepted: 12.08.2024 production of T. molitor, which is commonly used as live feed, it is
preferable to have a larval density below 200 in order to get a higher yield

and better reproduction rates.
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Iki Farkli Besinde Larval Yogunlugun, Tenebrio molitor Linnaeus, 1758 (Coleoptera:
Tenebrionidae) un Pupalasma Oram ve Pupadan Cikis Siiresine Etkisi

Sinop University, Faculty of Oz
Education, Department of
Mathematics and Science
Education, Sinop, Tiirkiye

Aragtirmamizda un kurdu Tenebrio molitor L. kullanilmistir. iki farkli
besinin, farkli larval yogunlugunda T. molitor’ un pupalasma oranm ve
pupadan ¢ikis siiresine etkisi arastirilmistir. Denemeler, sicakligi 27+2°C
ve nisbi nemi %6045 olan devamli karanlik laboratuvar kosullarinda
yapilmigtir. Arastirmada iki farkli besin tipi kullanilmistir. 1. besin;
bugday riiseymi ve kuru mayadan olusurken, 2. besin; tam bugday unu ve
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misir unun (esit miktarda) dan olusmustur. Oncelikle denenen besin
ortamlarinda bocekler yetistirilmistir. Her iki besin igin de dort farkli larva
yogunlugunda deney seti hazirlanmistir. Plastik kaplarda larva sayisi, 20,
60, 200 ve 600 olacak sekilde ayarlanmistir. Biyolojik testlerde 50 mg-
120 mg arasi kiigiik larvalar tercih edilmistir. Pupalagma yiizdesi her iki
besinde de 200 larva yogunlugunda azalmis, 600 larva yogunlugunda ise
keskin bir diisiis olmustur. Ozellikle yogunlugun ortaya ¢ikardig1 negatif
etkilerin 2. besinde daha bariz ortaya ¢iktig1 tespit edilmistir. Pup siireleri
bakimindan degil, 6zelikle larvalarin pupalagsmasinda yogunluktaki etkiler
daha bariz olmustur. Sonug olarak, canli yem olarak ¢ok fazla sayida talep
goren T. molitor den daha fazla verim almak, lireme hizin1 arttirmak
bakimindan larva yogunlugunun ozellikle 200 iin iizerinde olmamasi

. - avanvajli olacaktir
This work is licensed under a

Creative Commons Attribution  Anahtar Kelimeler: Tenebrio molitor, larval yogunluk, pupalagma orant,
4.0 International License pupadan gikis siiresi

Introduction

The yellow mealworm, Tenebrio molitor Linnaeus, 1758 is a pest of stored products. It is also a natural
feed for poultry and fish due to its high nutritional content. The ability of its larvae to break down
polystyrene and plastic parts, being a natural feed source and being recommended for human nutrition
has increased the interest in this insect in recent years. [1-5]. Research efforts to reduce the cost of
producing T. molitor are focused on determining the ideal rearing conditions and diet [6-15]. On the
other hand, larval density, in particular, can significantly affect production efficiency. Previous studies
have found that in many tenebrionid species, pupation is delayed or inhibited by crowding, including T.
molitor [16]. Weaver and McFarlane, [17] reported that larval crowding negatively affects growth in T.
molitor and found that growth rates decreased with increasing larval densities. A different study reported
that larval crowding is well-tolerated by T. molitor [18]. Larval crowding reduced pupation in Tribolium
castaneum (Herbst, 1797) (Coleoptera: Tenebrionidae) [19]. In Gnatocerus cornutus (Fabricaus, 1798)
(Coleoptera: Tenebrionidae), increased larval density delayed development and increased mortality and
cannibalism [20]. Similarly, in Alphitobius diaperinus Panzer, 1797 (Coleoptera: Tenebrionidae), high
larval densities were associated with prolonged development times and decreased pupal weight [21].
Further research is needed to determine the optimal larval density in the mass production of T. molitor.
The growing importance of this species, particularly for use as animal feed, requires a more in-depth
understanding of the effect of different rearing conditions and larval density on production. Therefore,

it is important to determine the optimal cut-off point for larval density.
Material and Methods
Material

In this study, Tenebrio molitor, one of the most common stored grain pests in Tirkiye, was used. The
larvae used for biological tests were obtained from the stock culture at the Science Research Laboratory

of Sinop University Faculty of Education.
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Method

This study researches the effect of larval density on pupation rate and time to emergence from pupation
in Tenebrio molitor (Coleoptera: Tenebrionidae) reared on two different feeds. The trials were
conducted under laboratory conditions in continuous dark (CD) with a temperature of 27+2°C and
relative humidity of 60%+5. Two different nutrient and four larval density groups were used in the study.
The first nutrient composition consisted of dry yeast and wheat germ (150 gr in total, 1/2). The second
nutrient composition consisted of whole wheat flour and corn flour (150 gr in total, 1/1). The studies
first started by rearing the beetle with this nutrient. The beetles were reared in medium size wide plastic
containers (30x20x5 ¢cm). Wood dust was added to nutrients to ease movement and the nutrients were
renewed every 10 days. The larvae in the old nutrients were sieved and transferred to the new nutrient.
Small pieces (2 for each, 4x4x6 cm) were cut from egg boxes which provide convenience for adults to
mate and which is also preferred to lay eggs and they were placed in containers. While the plastic
containers were covered to prevent other living beings from being transmitted, small holes were opened
on the top side to enable the insects to breathe. Potato was used for humidity (3x3 cm). Potatoes were
given wrapped in aluminium foil to prevent from contacting with the nutrients which otherwise may
lead to the decaying of the potatoes and moistening of the nutrients as well. Potatoes were changed every

3 days for the litter not to get mouldy. Litter for nutrients was adjusted as 4-5 cm high.
Biological Tests

The research was started with the beetle reared for two generations in the nutrient composition studied.
Each nutrient composition was prepared in the abovementioned amounts. For each nutrient composition
and different larval density groups (20, 60, 200, and 600 larvae), four sample groups were formed with
the beetle taken from the population at different times. Experimental sets were prepared at four different
larval densities for both foods. The number of larvae in plastic containers was adjusted to 20, 60, 200
and 600. To ensure equality, all larvae were selected from small larvae. (between 50 mg-120 mg). As
the pups formed in the vessels, they were taken into separate containers. The number of pupating larvae
and dead larvae were recorded. The dishes were checked every day and the pups were taken the day
they were first formed and then placed in petri dishes (9 cm x1.5 cm). Petri dishes were observed daily
and the time from pups to adults was recorded. The time to emerge from the pupa was determined by
calculating the time at each adult emergence. Three repetitions were performed for each intensity on

each food and the results were averaged.
Statistical Analysis

In the study, pupation percentages and time to emergence from pupation (in days) were presented as
descriptive statistics and compared based on different larval density groups (20, 60, 200, and 600 larvae).

The ANOVA test was used for statistical comparison. The groups that were significantly different in the
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ANOVA test were compared with the Tukey test. All statistical hypothesis tests were performed using

the R-Project software. The margin of error was determined as 5% in hypothesis testing.
Results

Table 1 presents the descriptive statistics for pupation rates (%) based on larval density groups.

Table 1. Descriptive statistics for pupation rates for Feed 1 and Feed 2.

Feed Group X SD Min Max
20 larvae 92.2 14 90.7 93.3
60 larvae 95.9 1.2 94.5 96.6

Feed 1
200 larvae 83.0 1.5 81.8 84.7
600 larvae 61.4 3.0 58.8 64.6
20 larvae 83.9 4.4 80.5 88.8

Feed 2 60 larvae 91.9 1.3 90.8 93.4
200 larvae 71.4 2.4 68.9 73.6
600 larvae 51.0 3.1 48.9 54.5

X: Mean, SD: Standard deviation, Min: Minimum, Max: Maximum

Table 2. Descriptive statistics for time to emergence (days) for Feed 1 and Feed 2.

Feed Group X SD Min Max
20 larvae 6.6 1.2 5.0 9.0

Feed 1 60 larvae 6.7 1.3 5.0 9.0
200 larvae 6.9 1.2 5.0 9.0
600 larvae 7.2 1.0 6.0 9.0
20 larvae 6.9 1.1 5.0 9.0

Feed 2 60 larvae 6.7 1.0 5.0 9.0
200 larvae 6.7 1.2 5.0 9.0
600 larvae 75 1.0 6.0 9.0

X: Mean, SD: Standard deviation, Min: Minimum, Max: Maximum

Table 2 presents the descriptive statistics for time to emergence (days) based on larval density groups.

Table 3. ANOVA test results where pupation percentages for Feed 1 is the dependent variable

DF SS MS F P
Group 3 2152.6 717.5 202.100 <0.001
Error 8 28.4 3.6

DF: Degree of freedom, SS: Sum of squares, MS: Mean sum of squares

Table 3 presents the ANOVA test results for pupation percentages considering different larval density
groups (20, 60, 200, 600 larvae) for Feed 1. According to the ANOVA table, pupation percentages for
Feed 1 were significantly different between larval density groups (F=202.100, P<0.05). Tukey test, a

multiple comparison test, was applied to larval density groups that were significantly different.

424



Koc¢ Sinop Uni J Nat Sci 9(2): 421-430 (2024)
E-ISSN: 2564-7873
Table 4. Pupation percentages of T. molitor for groups of different larval densities with Feed 1

95% CI
MD Lower limit Upper limit P
20 larvae-200 larvae 9.2 4.2 14.1 0.002
600 larvae-200 larvae -21.6 -26.6 -16.7 <0.001
60 larvae-200 larvae 12.9 7.9 17.8 <0.001
600 larvae-20 larvae -30.8 -35.7 -25.9 <0.001
60 larvae-20 larvae 3.7 -1.2 8.6 0.153
60 larvae-600 larvae 345 29.6 39.4 <0.001

MD: Mean difference, Cl: Confidence interval of mean difference

For larval density groups that were found to be significantly different (see Table 3), a Tukey test was
performed to determine the group from which the difference originated and the results are presented in
Table 4. According to the post hoc analysis, with Feed 1, the group with a larval density of 60 had a
significantly higher pupation percentage compared with the groups of 200 and 600 larvae. Moreover,
with Feed 1, the group with the larval density of 600 had a significantly lower pupation percentage
compared with the groups of 20 and 200 larvae. On the other hand, with Feed 1, the group with a larval
density of 20 had a significantly higher pupation percentage compared with the group of 200 larvae.

Table 5. ANOVA test results where pupation percentages for Feed 2 is the dependent variable

DF SS MS F P
Group 3 2859.9 953.3 106.600 <0.001
Error 8 71.5 8.9

DF: Degree of freedom, SS: Sum of squares, MS: Mean sum of squares

Table 5 presents the ANOVA test results for pupation percentages based on different larval density
groups (20, 60, 200, 600 larvae) for Feed 2. According to the ANOVA table, pupation percentages for
Feed 2 were significantly different between larval density groups (F=106.600, P<0.05). Tukey test, a
multiple comparison test, was determined to be appropriate to compare larval density groups that were

significantly different.

Table 6. Pupation percentages of T. molitor for groups of different larval densities with Feed 2

MD _ _95% Cl . b
Lower limit Upper limit
20 larvae-200 larvae 12.4 4.6 20.3 0.004
600 larvae-200 larvae -20.4 -28.3 -12.6 <0.001
60 larvae-200 larvae 20.5 12.7 28.3 <0.001
600 larvae-20 larvae -32.9 -40.7 -25.0 <0.001
60 larvae-20 larvae 8.1 0.2 15.9 0.043
60 larvae-600 larvae 40.9 33.1 48.8 <0.001

MD: Mean difference, Cl: Confidence interval of mean difference
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For larval density groups that were found to be significantly different (see Table 5), a Tukey test was

performed to determine the group from which the difference originated and the results are presented in
Table 6. According to the post hoc analysis, with Feed 2, the group with the larval density of 600 had a
significantly lower pupation percentage compared with the groups of 200, 20, and 60 larvae. Moreover,
with Feed 2, the group with the larval density of 60 had a significantly higher pupation percentage
compared to groups with 20 and 200 larvae. On the other hand, with Feed 2, the group with the larval

density of 20 had a significantly higher pupation percentage compared to the group with 200 larvae.

Table 7. ANOVA test results where time to emergence (days) for Feed 1 is the dependent variable

DF SS MS F P
Group 3 55 1.8 1.328 0.269
Error 116 161.1 1.4

DF: Degree of freedom, SS: Sum of squares, MS: Mean sum of squares

Table 7 presents the ANOVA test results for time to emergence (days) based on different larval density
groups (20, 60, 200, 600 larvae) for Feed 1. According to the ANOVA table, time to emergence from
pupation (days) with Feed 1 was not statistically different between groups of larval densities (F=1.328,
P>0.05).

Table 8. ANOVA test results where time to emergence (days) for Feed 2 is the dependent variable

DF SS MS F P
Group 3 15.0 5.0 4,192 0.007
Error 116 138.7 1.2

DF: Degree of freedom, SS: Sum of squares, MS: Mean sum of squares

Table 8 presents the ANOVA test results for time to emergence (days) according to larval density groups
(20, 60, 200, 600 larvae) for Feed 2. According to the ANOVA table, time to emergence from pupation
(days) for Feed 2 was significantly different considering larval densities (F=4.192, P>0.05). Tukey test,
a multiple comparison test, was found to be appropriate to compare larval density groups that were
significantly different.

Table 9. Time to emergence from pupation for T. molitor between groups of larval densities with Feed 2
95% ClI

MDb Lower limit Upper limit P
20 larvae-200 larvae 0.3 -0.5 1.0 0.781
600 larvae-200 larvae 0.9 0.1 1.6 0.014
60 larvae-200 larvae -0.0 -0.7 0.7 1.000
600 larvae-20 larvae 0.6 -0.1 1.3 0.151
60 larvae-20 larvae -0.3 -1.0 0.5 0.781
60 larvae-600 larvae -0.9 -1.6 -0.1 0.014

MD: Mean difference, Cl: Confidence interval of mean difference
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For larval density groups that were found to be significantly different (see Table 8), a Tukey test was

performed to determine the group from which the difference originated and the results are presented in
Table 9. According to the post hoc analysis, with Feed 2, the time to emergence (in days) was
significantly longer for the group with the larval density of 600 compared to groups with 200 and 60

larvae.
Discussion

Several studies on T. molitor Linnaeus, 1758 report negative effects with high larval density, in parallel
with our results. Producers often resort to cold exposure to increase production yield in this species; on
the other hand, it will be favorable to determine the exact effect of larval density on the reproduction of
T. molitor. According to Tschinkel and Willson [16] the negative impact of larval crowding in certain
tenebrionids is due to physical contact between larvae, or in other words, mechanical stimulation.
Although T. molitor is comparatively insensitive to mechanical disturbances, pupation was significantly
delayed by tactile stimulation (disturbing with chains) and vibration at low larval densities. Weaver and
McFarlane [17] hypothesized that in the setting of high larval density, the reduced growth in T. molitor
was due to reduced feeding opportunities caused by intraspecific competition. The same authors reared
one-day-old larvae of Tenebrio molitor at 30+=1°C at 55%+5% RH at densities of 1, 2, 5, 10, and 20
larvae per 455 mL rearing jar. After one month, larvae reared at a density of 20 were significantly larger
compared to those reared at a density of two individuals, which were the smallest. Harada and Spence,
[22] investigated the effects of rearing density on the duration of nymphal development in two wing-
dimorphic water strider species, namely Gerris buenoi Kirkaldy and Gerris pingreensis Drake and
Hottes (Hemiptera: Gerridae). Accordingly, they noted that under higher larval density, the average
nymphal period was significantly reduced by approximately 4-5 days for both species. However, they
did not find larval density to be significantly associated with per cent survival in either species. Silva et
al. [23] conducted a study to develop a mass production method for Euschistus heros (Fabricius, 1798)
(Hemiptera: Pentatomidae) in laboratory. Nymphs were reared at egg densities of 100, 200, 300, and
400 per petri dish (diameter 9 cm), and adults at densities of 50, 100, 150, and 200 couples per rearing
dish (900 mL). The highest survival rate was recorded in the group with an egg density of 100 (89%).
They reported that a density of 100 couples per rearing cage was the best density to improve the quality
of the progeny. Ito [24] reported that in O. strigicollis and O. laevigatus, when the initial nymphal
density was 100400, the average rate of individuals reaching the adult stage was 74-87% while noting
that the studied species had a high breeding capacity. In another study on T. molitor, reproductive output
per female decreased with increasing adult density. In this study, progeny per unit area peaked at a
density of 14 adults/dm and then sharply declined. Larval growth was also adversely affected by larval
density in Tenebrio molitor Linn, possibly due to reduced feeding opportunities as a result of increased

competition [25]. In our study, the decreased pupation rates recorded with high larval densities may be
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due to nutritional deficiency associated with competition. This decrease was particularly prominent in

groups with a larval density of up to 600. Pupation rates were higher at relatively lower densities. This
is consistent with the study which concluded that T. molitor well adapts to high larval densities and can
boost immunity in crowded conditions to prevent infection [26]. However, in our study, particularly at
a density of 600 larvae, the pupation rate was 61.4% with Feed 1 and 51% with Feed 2 (Table 1). The
higher pupation rate achieved with Feed 1 may be because of the compatibility of its composition to the
biological requirements of the species. Pupation began to decrease particularly after a density of 60
larvae, and this decrease was even more prominent after passing a larval density of 200. Overall, with
Feed 1, time to emergence was not prominently associated with larval density, that is results were similar
for all larval density groups. With Feed 2, time to emergence was significantly longer in the group with
a larval density of 600 (Table, 2).

Conclusions

In our study, pupation rates were higher especially in groups with densities of 20 and 60 larvae. The
negative impact of crowding was particularly prominent with Feed 2. This may be because Feed 1 was
more compatible with the biological requirements of the studied species. The effects of crowding were
even more prominent on pupation rates compared to time to emergence from pupation. In conclusion,
for the production of T. molitor, which is commonly used as a live feed, it is preferable to have a larval

density below 200 to get a higher yield and better reproduction rates.
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