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Abstract — This study was aimed at determining the mating characteristics and diapause performances of queens
mated with queen-born males (QMs) and worker-born males (WMs) in Bombus terrestris colonies. Using
laboratory-reared colonies, mating latency, copulation duration, and queen mating preferences were analyzed
for both QM and WM groups. Results showed no significant differences in mating latency and copulation dura-
tion between the two male groups. However, WMs were slightly heavier than QMs during the mating process
(t=-2.02, P = 0.044). Despite these weight differences, the mating success rates of QMs and WMs were
comparable, with queens showing no significant preference for either group. Additionally, the survival rates
of queens during diapause were unaffected by whether they mated with QMs or WMs. This research suggests
that the source of males in B. ferrestris colonies does not influence mating success or queen survival, providing

valuable insights for bumblebee breeding and colony management.

Bombus terrestris | Mating characteristics / Worker-born males / Queen-born males / Diapause

1. INTRODUCTION

Bumblebees are essential for crop pollina-
tion, especially in greenhouses and natural flora.
There are more than 250 species of bumblebees
around the world (Williams et al. 2008). Despite
some variations in biological, behavioral, and
ecological properties among the bumblebee
species, their colony lifecycles can be described
similarly (Gradish et al. 2019). For instance,
Bombus terrestris, one of the most common
bumblebee species, has an annual lifecycle. This
cycle begins when the mated queen exits the dia-
pause. After emergence, the queen starts to seek
an optimum place where to lay eggs. During
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this time, the queen consumes pollen and nec-
tar, and her ovaries are ready to lay eggs. Subse-
quently, the queen begins to lay eggs (Goulson
2012). At this stage, she not only tends to the
brood but also forages for food to sustain herself
and the larvae. When the first workers emerge,
the workers take on foraging and brood-caring
responsibilities, while the queen focuses on egg
laying. When the colony population reaches the
maximum in terms of workers, the founder queen
changes egg production strategies. She starts to
lay haploid male eggs instead of diploid female
eggs. While this happens at a switch point, on the
other hand, already egg-laid diploid eggs have
grown into new queens (Duchateau and Velthuis
1988). The stage when the founder queen loses
her influence and superiority over the colony is
the competition stage, which is also the last stage
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of the colony life cycle. In this stage, competi-
tion for reproduction starts among the workers,
especially between the queen and the workers.
The fact that some of the workers start laying
eggs, the behavior of eating or throwing out each
other’s eggs between the queen and workers, or
even among the workers themselves, indicates
that the colony order is disrupted (Duchateau and
Velthuis 1988; Amsalem et al. 2015). The com-
petition phase in which workers start laying eggs
is also considered an indicator of the imminent
end of the colony (Yeninar et al. 2000; Gosterit
and Gurel 2005; Gosterit 2016). In this stage,
males develop from haploid eggs laid by both
queens and workers as adults. In addition, these
males are indistinguishable from each other visu-
ally and can also mate with queens and fertilize.
After a certain period, these abnormal changes
in colony organization end with the death of the
founder queen, workers, and males. Only new-
born queens live.

One of the most important stages in the life
cycle of Bombus terrestris is the mating stage. It
influences both colony foundation success and
pollination performance. Several factors affect
mating success, including temperature, humidity,
kinship, and the size and age of queens (Amin
et al. 2010, 2012; Erkan et al. 2024). Another
important factor is male traits, such as weight,
age, and virginity (Amin et al. 2012; Gosterit
2016; Belsky et al. 2020; Zhao 2021). For
instance, in B. terrestris males, weight influ-
ences mating and remating ability. According
to previous studies, lighter males exhibit longer
mating latency and longer copulation duration
compared to heavier males (Amin et al. 2012;
Gosterit and Gurel 2016). Specifically, heavier
males experience shorter mating latency and
shorter copulation duration compared to lighter
males (Amin et al. 2012; Gosterit and Gurel
2016). In addition, sperm can influence the sur-
vival of fertilized B. terrestris queens (Korner
and Schmid-Hempel 2003), as well as hiberna-
tion success, queen longevity, and fitness (Baer
and Schmid-Hempel 2005).

The source of produced males are queens
and workers in B. tferrestris colonies. Although
there is competition in male production between
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queens and workers, queens have a domina-
tion on male production. According to previous
studies, the queen produces 95% of males in B.
terrestris colonies (Alaux et al. 2004; Lopez-
Vaamonde et al. 2004). However, both queen-
born males (QM) and worker-born males (WM)
seem quite similar, contrary to honeybees. In col-
onies established by queens mated with two dif-
ferent groups of males, there are no differences
in terms of the colony development traits such as
colony initiation time, timing of the first worker’s
emergence, and populations of offspring (Gos-
terit and Bulus 2019; Zhao et al. 2021). On the
other hand, WMs have smaller wings and sperm
counts compared to QMs (Zhao et al. 2021).

In recent years, several studies have explored
the ecological and biological significance of
bumblebee males (Ostevik et al. 2010; Wolf
et al. 2012; Ogilvie and Thomson 2015; Bel-
sky et al. 2020; Zhao et al. 2021). Despite this,
research on the reproductive males produced by
queens and workers and their specific character-
istics remains limited—particularly with regard
to their impact on colony dynamics and mating
behavior. Gosterit and Bulus (2019) investigated
colony developmental traits in B. terrestris colo-
nies founded by queens that mated with males
produced by either queens (QMs) or workers
(WMs). Similarly, Zhao et al. (2021) examined
sperm and mating traits of B. terrestris males
along with colony development traits.

In commercial and scientific rearing of B. ter-
restris, efforts are typically made to minimize
relatedness, optimize environmental conditions
for mating (e.g., temperature and humidity),
and use individuals of appropriate age. How-
ever, the origin of males—whether queen- or
worker-derived—is often overlooked when
males are collected from colonies. Even under
optimal mating conditions, mating success does
not always reach expected levels, and consider-
able queen mortality may occur during diapause
despite apparently successful mating. These fac-
tors suggest that additional biological variables,
such as male origin, may contribute to variation
in reproductive outcomes. Therefore, the primary
aim of this study was to evaluate whether male
origin (queen- or worker-derived) influences
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mating performance and the diapause success of
queens in B. terrestris.

2. MATERIAL AND METHODS

2.1. Obtaining queen-born and
worker-born males

In this study, laboratory-reared Bombus ter-
restris colonies were established from com-
mercially purchased founder queens whose
prior relatedness was unknown; however, mat-
ing between males and young queens from the
same colony was avoided to prevent inbreeding
in the following generation. As mentioned in the
previous section, queen born males (QMs) and
worker born males (WMs) are almost identical
in appearance. To be able to easily distinguish
between these males, some special techniques
have to be used. The most reliable method to
obtain queen born males is to use virgin queens.
As this ensures, it can be guaranteed that all
males develop from haploid eggs laid by the
queen caste. For this reason, virgin queens were
collected from B. terrestris colonies. These col-
lected queens were placed in individual tubes in
the diapause chamber without mating. At the end
of the diapause period of about 2 months, these
virgin queens were placed in groups of 10 in spe-
cial rearing boxes and transferred to the bum-
blebee rearing room (27-28 °C, RH 55-60%).
In this way, the diapaused virgin queens were
allowed to lay eggs and produce males, thus
obtaining QMs. Meanwhile, in order to obtain
males from the eggs of workers, groups of 20
reproductive workers were put into similar
boxes and transferred to the bumblebee rearing
room, just like virgin queens. Thus, WMs were
obtained. Both virgin queens and reproductive
workers were fed ad libitum with 50 Brix sugar
syrup and pollen until sexual maturity, which
occurs after 7 days for queens and 12 days for
males (Duvoisin et al. 1999; Amin et al. 2010).
In this study, the ages of the queens and all males
(QMs and WMs) used were 68 days and 12-14
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days, respectively. The experimental design is
presented in Fig. 1.

2.2. Mating stages

All of the QMs and WMs were marked on
the thorax using a queen marking pen in two dif-
ferent colors. After the marking process, mating
was carried out using mating age queens col-
lected from B. ferrestris colonies reared in the
laboratory. In the mating procedure, 30 virgin
queens and 60 males (30 QMs + 30 WMs) were
placed in the mating cage each time, and they
were expected to mate. As soon as the queens
and males started to mate, the time was recorded
and taken into separate transparent boxes in
pairs. These boxes were observed, and the mat-
ing time of each male was determined by record-
ing the time at the end of mating (Gosterit and
Gurel 2016). At this stage, the mating latency,
mating choices rates of queens, and mating rates
of males in two different groups were also deter-
mined. In addition, immediately after mating,
the queens and males were weighed, and their
weights were recorded. The mating applications
were repeated 13 times using different males
and queens each time. The mating cages were
observed for 1 h in each mating application. The
queens and males that did not mate within this
period were considered non-mated.

2.3. Data analysis

The data obtained for both groups of males
were analyzed using the statistical package
MINITAB. Descriptive statistics were obtained
for each trait, and the Shapiro—Wilk test was used
to test whether the data were normally distrib-
uted. As only the mating latency data were not
normally distributed, the Mann—Whitney U test
was used to compare the groups. The remain-
ing characteristics, such as copulation duration,
queen weight, and male weight, were normally
distributed, and the #-test was used to compare
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Fig. 1 Experimental design for mating trials and diapause assessment in Bombus terrestris (unmated queens and
workers were used to produce queen-born males (QMs) and worker-born males (WMs), respectively. Unrelated
unmated queens (6-8 days old) were paired with 12—14-day-old QMs or WMs in mating cages (V=30 per group)
across 13 replicates. A total of 390 males from each group were tested. After successful mating, queens were sub-
jected to diapause (N =326) to evaluate post-mating diapause survival and subsequent colony initiation.)

them. In addition, the z test was used to deter-
mine the differences between the groups in terms
of the proportions obtained in the study Fig 1.

3. RESULTS

In the study conducted to test the mating
latency of queens mated with queen-born males
(QMs) and worker-born males (WMs), 326 pairs
were mated. According to our findings, the mat-
ing latency of queens mated with QMs and WMs
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was 6.82 +0.45 min and 7.33 +0.50 min, respec-
tively (Table I, Fig. 2). There were no signifi-
cant differences between the groups of QMs and
WMs (Z=-1.213, P=0.225). Accordingly, the
copulation duration of queens mated with WMs
was 27.44 +0.66 min, while the copulation dura-
tion of queens mated with QMs was 26.86 +0.63
min (Table II, Fig. 3). The difference between
the copulation duration of queens mated with
these two groups of males was not statistically
significant (t=—-0.64, P=0.523). In addition,
the research used two times as many males as
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Table I Mating latency of queens mated with
queen-born males and worker-born males

Groups N Mating latency (min)

(Mean+ S.E) Min Max
QMs 169 6.82+0.45 1.00  29.00
WMs 157 7.33+0.50 1.00  38.00
Total 326 7.07+0.34 1.00  38.00

mated queens were also determined (Table V).
There was no significant difference between the
weights of mated queens in both experimental
groups (t=1.05, P=0.294).

In order to determine the relationship
between queen weight, male’s weight, mating
latency, and copulation duration, correlations
between these traits were analyzed (Table VI).
According to the correlation coefficient val-
ues between the traits, there is no significant
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relationship between queen weight and mated
male weight, mating latency, and copulation
duration. Similarly, mating latency did not
affect the copulation duration of the couples.
However, the results showed that there was a
significant positive relationship between male
weight and mating latency and a significant
negative relationship between male weight
and copulation duration.

Table II Copulation duration of queens mated with
queen-born males and worker-born males

Groups N Copulation duration (min)
(Mean + S.E) Min Max
QMs 169 26.86+0.63 7.00 55.00
WMs 157 27.44+0.66 9.00 55.00
Total 326 27.14+£0.45 7.00 55.00

Individual Value Plot of Mating Latency (min.)

40

30

20

Mating Latency (min.)

GROUP (QMs/WMs)

® ® OMs (Queen-born males)
® WMs (Worker-born males)

[

<«

QMs

GROUP (QMs/WMs)

WMs

Fig. 2 Individual value plot of mating latency in Bombus terrestris males. (The plot shows the time elapsed before
copulation initiation (mating latency, minutes) for queens paired with queen-born males (QMs; blue) and worker-
born males (WMs; red). Each point represents an individual mating trial. The figure illustrates the variation and dis-

tribution of mating latency between QMs and WMs)
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Individual Value Plot of Copulation Duration
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Fig. 3 Individual value plot of copulation duration of Bombus terrestris males (Copulation durations (minutes) are
shown for queen-born males (QMs, blue) and worker-born males (WMs, red). Each point represents an individual
mating event. The plot indicates the variation and distribution of copulation duration between the two male groups)

Table III The values of mate (QMs or WMs) selec-
tion of queens

Table V Mated queen weight with queen-born
males and worker-born males

Groups Number Number Mated Mat-
of queens of males males ing
ratio
(%)
QMs 390 169 43.33
WMs 390 157 40.25
Total 390 780 326 83.55

Table IV Mating weight of queen-born males and
worker-born males

Groups N Weight (g)

(Mean + S.E) Min Max
QMs 169 0.240+£0.003° 0.137  0.369
WMs 157 0.249+0.003" 0.154 0.336
Total 326 0.245+0.002 0.137 0.369

“®Means followed by different letters are different (P <0.05)
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Groups N Weight (g)

(Mean + S.E) Min Max
QMs 169 0.795 +0.008 0440 1.053
WMs 157 0.783+0.008 0.502  1.027
Total 326 0.789+0.006 0.440 1.053

queens from both experimental groups in each
mating. In general, the mating rate in the study
was 83.58% (Table III).

According to the results, the mating weights
of QMs and WMs were 0.240 +0.003 g and
0.249 +0.003 g, respectively (Table IV). There
was a significant difference between the groups
in terms of the weight of males during the mat-
ing period (r=-2.02, P = 0.044). Although
not directly related to the performance of QMs
and WMs, the mating weights of the used and
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Table VI Correlation coefficients between mating performance characteristics of males and queens mated

with these males

Queen weight Male weight Copu-
lation
duration

Male weight 0.072 *

0.192 wok

Copulation duration —0.040 —0.135
0.476 0.015

Mating latency —0.098 0.109 0.017
0.077 0.048 0.760

* ok

A total of 326 queens, 169 of which were
mated with males produced by queens and 157
of which were mated with males produced by
worker bees, were put into diapause. Of the
queens in diapause, 126 surviving queens mated
with QMs, and 113 surviving queens mated with
WDMs. At the end of the diapause period, the
survival rates of the queens in the groups were
74.55% and 71.97%, respectively (Fig. 4).

The upper value in each cell represents the correlation coefficient, and the lower value represents the P value

4. DISCUSSION AND CONCLUSION

There are two sources of produced males in
Bombus terrestris colonies, one from workers
and one from queens. While queens and males
mate randomly in nature, except for inbreeding,
queens are mated with males from unrelated col-
onies in bumblebee mass rearing. Mating is car-
ried out without paying attention to the resources

Diapause performance of mated queens with QMs and WMs

180

150

120

90

6

S

3

S

Mated queens and diapaused

169
157
126
I 113

Survived queen

74.55 71.97

Survival rates of queens (%)

EQMs mWMs

Fig. 4 Diapause performance of mated queens with queen-born males (QMs) and worker-born males (WMs) (The
number of queens that mated and entered diapause (QMs: N=169; WMs: N=157), the number of queens that sur-
vived diapause (QMs: N=126; WMs: N=113), and the survival rates (%) after diapause are presented. Although
queens mated with QMs showed slightly higher survival (74.55%) compared to those mated with WMs (71.97%), the
overall diapause performance was similar between groups)
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of males produced in these manageable colonies.
However, considering that the quality of sperm
can influence mortality, diapause success, and
fitness of mated queens (Korner and Schmid-
Hempel 2003; Baer and Schmid-Hempel 2005),
it can be argued that the characteristics of the
male are as important as those of the queen for
future generations.

There is dimorphism in the males of B. fer-
restris (Zhao et al. 2021), although the queen-
born males (QMs) and worker-born males
(WMs) of bumblebees are not visually distin-
guishable. In honeybees, WMs are lighter than
QM s, and this situation is consistent (Gencer and
Firatli 2005). Conversely, there is a gap in QMs’
and WMs’ weights in bumblebees. In a previous
study, the weight of QMs and WMs was found
to be 371.07 £ 63.84 mg and 256.99 + 68.08
mg, respectively (Zhao et al. 2021). In con-
trast to their study, our results have shown that
the weight of WMs was heavier than QMs
(0.249+0.003 g and 0.240+0.003 g, respec-
tively). These weight differences between male
groups may be related to emerging weight and
methodological differences in the production of
QM.

According to previous studies, the mating
ratio in B. terrestris is influenced by many fac-
tors, including age, size of males and queens,
pheromones, temperature, humidity, and mating
cage materials (Kwon et al. 2006; Amin et al.
2010, 2012; Imran et al. 2017). However, our
results show that the source of males (QMs or
WDMs) does not play a role in the mating ratio,
contrary to the previous study (Zhao et al. 2021).
Males produced by workers or founder queens
do not influence the mate choice of queens, nor
does the mating ratio. In addition to the mating
characteristics of QWs and WMs, the diapause
performance of the queens mated with these
males was determined. During diapause, queen
survival is influenced by environmental factors
and intrinsic traits (Beekman et al. 1998; Gos-
terit and Gurel 2009; Nasir et al. 2019; Woodard
et al. 2019; Shi et al. 2023). In the present study,
it was found that QWs and WMs mating with
queens did not affect the survival rate of queens
in diapause. According to Zhao et al. (2021), the
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survival rate of WM-mated queens was higher
than that of QM-mated queens, in contrast to our
finding.

Consequently, the effects of male sources
(QMs and WMs) on the mating performance
of Bombus terrestris were tested in the present
study. According to the results obtained, whether
the males with which queens mate are queen-
sourced or worker-sourced does not affect the
mating latency, copulation duration, and mate
choice of queens. Among the traits examined in
the study, males from workers were found to be
heavier than those from queens.

Although studies on the role of males have
increased in recent years, the role of males in
bumblebee colonies is still not fully understood
(Rundlof et al. 2014; Gosterit and Gurel 2016;
Belsky et al. 2020; Fowler et al. 2020; Zambra
et al. 2020; Jin et al. 2024). It is hoped that this
study will provide insight into the mating and
diapause processes of QMs and WMs produced
in colonies. In addition, it is expected that the
studies carried out to fill the knowledge gap on
the importance and role of males will lead to
important steps in improving bumblebee breed-
ing methods, investigating the pollination behav-
ior of plants on which bumblebees are used, and
controlling diseases and pests.
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