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Bumblebees are important pollinators of crops and wildflowers. The Korean native bumblebee, 
Bombus ignitus , undergoes one generation per year, and induction of artificial hibernation 
is essential for year-round rearing of the bumblebee. Keeping queens under cold treatment 
conditions for several mo is an effective method for terminating their diapause and promoting 
colony development. In the present study, we investigated how the timing and duration of 
chilling affect the artificial hibernation of B. ignitus queens. In the timing assessment, cold 
treatment was instituted at 12 d, 40 d, or 100 d after eclosion under a constant temperature 
of 5°C and 80% humidity. The queens that entered cold treatment at 12 d after emergence 
evidenced the highest survival rates: 86.7% at two mo, 73.3% at three mo, and 46.4% at 
4 mo. Survival rates were reduced under storage conditions at 12 d, 40 d, and 100 d after 
emergence. When queens were subjected to chilling at 8 d, 12 d, or 16 d after eclosion with 
constant 80% humidity, the queens stored at 12 d after eclosion exhibited the highest survival 
rates, which were 84.6 at one mo, 25.0% at two mo, and 7.9% at three mo. In regards to the 
duration of the cold period, the queens that hibernated for at least two mo evidenced optimal 
colony development rates. The rates of oviposition, colony foundation, and progeny-queen 
production of queens hibernated for two mo were 60.0%, 30.0%, and 13.3%, respectively. 
These values were 6.0 to 13.3 times higher than those in the queens that hibernated for 15 d. 
Therefore, a cold period of at least 2 mo applied 12 d after emergence were found to be the 
most favorable conditions for diapause break in B. ignitus queens.
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Introduction

Bees are critical for the pollination of natural vegetation and 
agricultural plants, including fruits, vegetables, seed plants, 
edible oil crops, garden flowers, and major forage crops. 
Pollination is, therefore, an ecosystem service, given that wild 
pollinators, particularly wild bees, contribute significantly 

to the pollination of a wide range of crops (Morandin and 
Winston, 2005; Greenleaf and Kremen, 2006; Winfree et al. , 
2007). Bees are both widely diverse and abundant, with 16,325 
species currently identified worldwide (Michener, 2000). 
Commercially managed bees are available for pollination 
services and are used in large commercial fields, small gardens, 
and enclosures such as greenhouses and screen houses (Free, 
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(Röseler and Röseler, 1984; van den Eijnde et al. , 1991). 
Under natural conditions, the duration of the hibernation 
period ranges from 6 to 9 mo (Alford, 1969a). Hoem (1972) 
maintained hibernating B. terrestris queens in mounds of 
soil in unheated greenhouses or in plastic containers with 
perlite as bedding; the bees were subsequently placed into 
a refrigerator at 4-5°C for 8-9 mo. Asada (2004) reported 
that chilling in a refrigerator at 5°C for 4 mo was effective 
procedure for inducing nest initiation by B. h. hypocrite 
queens. Diapausing bumblebee queens require sizeable fat 
reserves, which are used up during the diapause period, and 
the amount of metabolic reserves remaining after diapause 
completion depends primarily on diapause length (Hoem, 
1972). Beekman et al.  (1998) demonstrated that the weight 
of bumblebee queens prior to entering diapause affects their 
survival during diapause; queens with a wet weight below 
0.6 g were incapable of surviving diapause, regardless of 
diapause length. Although increased survival rates have 
been reported in some studies, few studies have attempted to 
evaluate the effects of different diapause conditions, including 
chilling temperature, humidity, duration, and timing, on the 
diapause survival rates of queens and their subsequent ability 
to establish a colony. 

To evaluate the effects of the timing and duration of chilling on 
diapause break in B. ignitus queens, we determined whether the 
timing of the application of cold temperatures and the duration 
of chilling affect the artificial hibernation of B. ignitus queens. 
In this study, we determine and describe the most favorable 
timing and duration of cold temperature application for breaking 
diapause in B. ignitus queens.

Materials and Methods

Origin of experimental insects 

The insects used in the experiment were second and third 
generation queens acquired from B. ignitus colonies that were 
reared year-round in a climate-controlled room (27°C, 65% 
relative humidity, and continuous darkness) at the Division 
of Applied Entomology, Department of Agricultural Biology, 
National Academy of Agricultural Science, Republic of 
Korea. 

1993; Dag and Kammer, 2001). The use of bumblebees for 
pollination in greenhouses has become widespread, and the 
demand for bumblebees increases every year. Bumblebees 
are particularly effective at pollinating species in the family 
Solanaceae, including tomato and eggplant (Buchmann and 
Hurley, 1978; Banda and Paxton, 1991; Free, 1993). It has 
been estimated that of the bumblebee colonies sold in 2004 
approximately 930,000 were colonies of the Eurasian Bombus 
terrestris, approximately 55,000 were colonies of the North 
American B. impatiens, and a few thousand were colonies of 
the Eurasian B. lucorum, the East Asian B. ignitus , and the 
North American B. occidentalis  (Velthuis and van Doorn, 
2006).

Generally, Bombus species are annual, eusocial insects with 
short-lived colonies that are found primarily in temperate regions 
of the world. Queens are the only caste of Bombus to overwinter 
(enter diapause), whereas the workers and males perish in the 
late summer and early autumn, respectively. In the early spring, 
queens that have overwintered depart from their hibernation 
sites. The queen accumulates a store of pollen and then lays her 
first batch of eggs into the pollen mass after finding a suitable 
site for the foundation of a colony. Upon emergence, the workers 
of the first brood immediately assume the foraging activities of 
the queen, who from that point on spends most of her time laying 
eggs. In late summer, many males and new queens are produced. 
Only mated queens hibernate and emerge in the spring (Heinrich, 
1979, Duchateau and Velthusis, 1988). 

One of the key stages in the year-round rearing of B. ignitus 
bumblebees is the breaking of diapause. Diapause is defined 
as a stage in the development of certain animals during which 
morphological development may be suspended or markedly 
retarded (Andrewartha, 1952; Mansigh, 1971). Diapause most 
likely underlies the variation among queens that may lead to 
differences in the ability to produce offspring (Beekmand and 
Vanstratum, 2000). The programming of diapause involves 
the development of specific behavioral, morphological, 
and physiological design features that uniquely prepare the 
diapause-destined insect for a period of developmental arrest 
(Denlinger, 2002). With the goal of inducing diapause break, 
several researchers have attempted to first induce hibernation 
in bumblebee queens under controlled conditions, despite 
their lengthy ovarian diapause (Horber, 1961; Alford, 1969, 
1975; Hoem, 1972; Beekman et al. , 1998) and CO2 narcosis 
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from one month to four mo under a constant temperature of 5°C 
and 80% humidity were tested. B. ignitus queens that had been 
chilled for 15 d were used as a control in the chilling duration 
experiment. Mated B. ignitus queens (12 d after emergence) 
were weighed and stored in a perlite-filled bottle in a perforated 
plastic box containing perlite in a 5°C chilling chamber for 1 to 4 
mo. Thirty B. ignitus queens were employed in each cold period 
tested in this experiment. At the end of treatment, the surviving 
queens were again weighed. The queens were then transferred 
to flight cages for three d (Yoon et al., 2004b). Each queen was 
reared in a climate-controlled room (27±1°C, 65% R.H. and con-
tinuous darkness). The developmental ability of each colony was 
estimated based on the rates of oviposition, colony foundation, 
and progeny-queen production. The queens that did not evidence 
oviposition within 40 d were excluded from the analysis of the 
number of oviposited colonies (Yoon et al., 2004a). Colony foun-
dation was defined as the time period necessary for more than 50 
workers to emerge from a colony.

Statistical analysis 

Statistical analyses were conducted using Chi-square tests 
(MINITAB Release 13 for Windows, 2000). 

Results and Discussion

Optimal timing of cold application for artificial 
hibernation of B. ignitus queens

To evaluate the effects of timing of cold application on 
diapause break in B. ignitus queens, we evaluated the survival 
rates of queens stored at different d after emergence under a 
constant temperature of 5°C and 80% humidity (Fig. 1). Of 
the queens stored at 12 d, 40 d, and 100 d after emergence, the 
queens stored at 12 d after emergence evidenced the highest 
survival rates, which were 86.7% at two mo, 73.3% at three mo, 
and 46.4% at 4 mo. Survival rates were reduced at the following 
timing: 12 d, 40 d, and 100 d after emergence. The survival 
rates of the B. ignitus queens were affected by the timing of 
cold application (Chi-square tests: x

2
=46.581, df=2, p=0.0001 

at 2 mo; x
2
=36.118, df=2, p=0.0001 at 3 mo; and x

2
=23.642, 

df=2, p=0.0001 at 4 mo). To obtain a more precise picture of 

Indoor rearing 

The basic colony-rearing technique used in the present study 
was described previously by Yoon et al.  (2002). The queens 
were reared in three different types of plastic boxes for nest 
initiation (10.5 × 14.5 × 6.5 cm), colony foundation (21.0 × 
21.0 × 15.0 cm), and colony maturation (24.0 × 27.0 × 18.0 
cm). Queens were first confined individually in small boxes 
for colony initiation and remained there until oviposition. 
After the adults emerged from the first brood, the nest was 
transferred to a medium box for colony foundation and was 
stored there until the number of workers reached 50. The nest 
was subsequently moved to a large box for further colony 
development. A 40% sugar solution and pollen dough were 
provided ad libitum. The pollen dough was composed of a 
sugar solution and pollen (v:v 1:1).

Optimal timing of cold temperature application 
for artificial hibernation of B. ignitus queens

To evaluate the effects of timing of cold temperature applica-
tion on diapause break in B. ignitus queens, the following envi-
ronmental conditions were established. The cold time regimes 
were set as 12 d, 40 d, and 100 d after emergence under a con-
stant temperature of 5°C and 80% humidity. After mating (Yoon 
et al., 2008), the mated B. ignitus queens were weighed prior to 
the initiation of the experiment. The queens were individually 
preserved in bottles filled with perlite in a perforated plastic box 
containing perlite to prevent mold growth and stored for 5 mo 
in a different chilling chamber (in continuous darkness). The 
survival rate of queens was surveyed each month. Thirty queens 
were used in this experiment. To obtain a more precise picture 
of the effects of the timing of cold temperature application on B. 
ignitus queens, additional cold time regimes were set as 8 d, 12 
d and 16 d after emergence under a constant temperature of 0°C, 
2.5°C or 5°C and 80% humidity. Thirty queens and 3 replications 
were used in this experiment. 

Optimal chilling duration for artificial hibernation 
in B. ignitus queens

To determine the chilling duration that was most favorable for 
artificial hibernation in B. ignitus queens, cold periods ranging 
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the highest survival rates, which were 84.6 at one mo, 25.0% 
at 2 mo, and 7.9% at 3 mo. There were significant differences 
between the evaluated times of cold application at one mo after 
cold treatment initiation (x

2
=13.629, df=2, p=0.001 at one mo; 

x
2
=2.370, df=2, p=0.306 at 2 mo; and x

2
=6.583, df=2, p=0.037 at 

3 mo). 
We investigated the survival rates of B. ignitus queens 

the effects of the timing of cold temperature application on B. 
ignitus queens, additional cold time regimes were set as 8 d, 12 
d and 16 d after emergence under a constant 80% humidity (Fig. 
2). Of the queens in cold treatments applied at 8 d, 12 d, and 16 d 
after eclosion, the queens stored at 12 d after eclosion exhibited 

Fig. 2. Survival rate of B. ignitus queens chilled at 8 d, 12 d, and 
16 d after eclosion. The temperature was 5°C and the treatment 
was performed at over 80% humidity. Mating occurred 5 d after 
eclosion. Thirty queens were allotted for each experimental 
chilling time regime, with three replications. There were significant 
differences in different chilling times at one mo after cold treatment 
at p<0.001 using the Chi-square test. 

Fig. 3. Survival rate of B. ignitus queens after one month at different 
chilling times and temperatures. Thirty queens were allotted for each 
experimental chilling temperature regime. There were significant 
differences between cold-application times and temperatures after 
cold treatment during one mo at p<0.05 using the Chi-square test. 

Fig. 4. Survival rate of B. ignitus queens after two mo at cold-
application times and temperatures. Thirty queens were allotted 
for each experimental chilling temperature regime. There were 
significant differences between cold-application times and 
temperatures after cold treatment during two mo at p<0.001 using 
the Chi-square test. 

Fig. 1. Survival rate of B. ignitus queens at different artificial 
hibernation chilling times. The cold treatment was initiated at 5°C 
and was performed at over 80% humidity. Mating occurred 5 d after 
emergence. Thirty queens were allotted for the different chilling 
time regimes. There were significant differences between different 
timings of cold application and durations at p<0.0001 using the Chi-
square test. 
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prior to hibernation and from 250-750 mg after hibernation.
We surveyed the colony developmental characteristics of B. 

ignitus queens subjected to chilling for different lengths of time. 
The rates of oviposition, colony foundation, and progeny-queen 
production of queens that hibernated for 2 mo were 60.0%, 
30.0% and 13.3%, respectively (Fig. 6). These values were 6.0 to 
13.3 times higher than those of the queens that hibernated for 15 d. 

subjected to chilling treatments at different times (8, 12, and 
16 d after emergence) and temperatures (0°C, 2.5°C and 5°C). 
The queens stored at 12 d after eclosion and 2.5°C exhibited the 
highest survival rates, which were 93.5% at one mo (Fig. 3) and 
56.3% at 2 mo (Fig. 4). Lower survival rates were observed at 
2.5°C, 0°C, and 5°C. The survival rates of the B. ignitus queens 
were affected by chilling time and temperature (Chi-square 
tests: x

2
=21.053, df=8, p=0.007 at 1 mo and x

2
=36.984, df=8, 

p=0.0001 at 2 mo). Therefore, our results demonstrate that 12 d 
after emergence is the most favorable time for application of cold 
treatment for the break of diapause in B. ignitus. Yoon et al. (2010) 
reported that optimal timing for cold application in B. terrestris 
is 8 d after emergence. 

Chil l ing duration favorable for artif icial 
hibernation in B. ignitus queens

We investigated the survival rate and rate of weight loss in B. 
ignitus queens at different lengths of time under a constant 5°C 
and 80% humidity (Fig. 5). A shorter cold period appeared to 
correspond to a higher survival rate: 87% at 1 mo, 50% at 2 mo, 
43% at 3 mo, and 27% at 4 mo. The survival rate of B. ignitus 
queens was significantly affected by chilling period (Chi-square 
test: x

2
=23.092, df=3, p=0.0001). Fig. 5 shows the changes in 

the weights of B. ignitus queens after artificial hibernation at 
different cold periods. The rates of weight loss after artificial 
hibernation over the course of 1, 2, 3, and 4 mo were 13.5%, 
16.3%, 22.1%, and 23.6%, respectively. The rate of weight loss 
appeared to increase as chilling durations grew longer. The rates 
of weight loss in B. terrestris queens after chilling treatment 
durations of 3 and 5 mo were 9.0-14.0% and 21.3-30.9%, 
respectively (Yoon et al. , 2010). Horber (1961) previously 
determined that the average weight loss during hibernation 
was 151.3 mg. Furthermore, the same study demonstrated that 
surviving queens were heavier than the queens that died during 
hibernation. Hoem (1972) reported that the observed weight 
loss occurred during the first half of the hibernation period and 
that body weight increased after that point. Significant positive 
correlations were found between the body weight of the queens 
and the length of survival during and after hibernation. The 
weight of B. terrestris queens ranged from 400-1000 mg prior to 
hibernation and from 300-900 mg after hibernation. Similarly, 
the weight of B. lapidarius queens ranged from 250-850 mg 

Fig. 5. Survival rate and weight less rate of B. ignitus queens at dif-
ferent cold durations. Cold treatment was initiated 12 d after emer-
gence at 5°C and was performed at 80% humidity. Thirty queens 
were allotted for each of the chilling duration regimes. There were 
significant differences in the survival rates in the different chilling 
durations at a significance level of p < 0.001 using the Chi-squared 
test. 

Fig. 6. Colony development of B. ignitus queens at different cold 
durations. Statistically significant differences were noted in the rate 
of oviposition among B. ignitus reared after artificial hibernation at 
different cold durations at p < 0.001 using the Chi-square test.
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Northern California. Biol Conserv 133, 81-87.
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Cambridge, MA.

Hoem SN (1972) Weight and life length of hibernation bumblebee 

queens (Hymenoptera: Bombidae) under controlled conditions. Ent 

Scand 3: 313-320.

Horber E (1961) Beitrag zur Domestifikationsversuche mit Hummeln 

(Bombus latr). Albredht Thaer-Arch 5, 282-304.

Mansigh A (1971) Physiological classification of dormancy in insects. 

Can Entomol 103, 983-1009. 

Michener, C.D (2000) The bees of the world. Baltimore: Johns Hopkins 

University Press.

Minitab Incorporated Company (2000) Minitab user’s guide, Minitab 

Inc., USA.

Morandin LA, Winston ML (2005) Wild bee abundance and seed 

production in conventional, organic, and genetically modified canola. 

Ecol Appl 15, 871-881.

Röseler, P. F., and I. Röseler (1984) Effects of carbon dioxide 

and brain cauterization on corpora allata activity and oogenesia 

in bumblebees(Bombus hypnorum and Bombus terrestris). Zool. 

Jb. Physiol. 88, 237-246. 

van den Eijnde, J. A., de Ruijter and J. van der Steen (1991) 

Method for rearing Bombus terrestris continuously and the 

production of  bumblebee colonies for pollination purposes. Acta 

Horticulturae 288, 154-158. 

Velthuis HHW, Van Doorn A (2006) A century of advances in 

bumblebee domestication and the economic and environmental 

The rate of oviposition in B. ignitus queens reared after diapause 
was affected significantly by the chilling period during diapause 
(Chi-square test: x

2
=16.544, df=2, p=0.0001). However, there 

were no significant differences in the rate of colony foundation 
or progeny-queen foundation (x

2
=4.275, df=2, p=0.118 for 

colony foundation rate and x
2
=4.286, df=2, p=0.117 for progeny-

queen foundation). In view of this survival rate and the colony 
developmental characteristics after artificial hibernation, the most 
favorable cold period was determined to be at least 2 mo. 

The results of the present study demonstrate the most favorable 
timing of cold application and the optimal chilling duration to 
induce diapause break in B. ignitus queens. Collectively, the 
findings of the present study indicate that application of cold 
treatment at 8 d after emergence and a cold period of at least 2 
mo were the most favorable conditions for diapause break in B. 
ignitus queens. 

Acknowledgement

This study was carried out with the support of Research 
Program for Agricultural Science & Technology Development 
(PJ01005104), National Academy of Agricultural Science, Rural 
Development Administration, Republic of Korea.

References

Alford DV (1969) A study of the hibernation of bumblebees 

(Hymenoptera: Bombidae) in southern England. J Anim Ecol 38, 

149-170. 

Alford DV (1975) Bumblebees. Davies-Poynter, London. pp. 352. 

Andrewartha HG (1952) Diapause in relation to the ecology of insects. 

Bio Rev 27, 50-107.

Asada S (2004) Studies on year-round rearing of Japanese native 

bumblebees (Bombus spp.) for buzz-foraging crop pollination. Bull. 

Kanagawa prefectural agricultural research institute. 144, 3-18 

Banda HJ, Paxon RJ (1991) Pollination of greenhouse tomatoes by bees. 

Acta Hortic 288, 194-198.

Beekman M, van Stratum P, Lingeman R (1998) Diapause survival and 

post-diapause performance in bumblebee queens (Bombus terrestris). 

Entomol Experi Appli 89, 207-214.

Beekman M, van Stratum P (2000) Does the diapause experience of 



Int. J. Indust. Entomol. 
Vol. 28, No. (2), pp. 51-57 (2014)

56       57

Yoon HJ, Lee SB, Kim SE, Seol KL (2004b) The flight of the 

bumblebee queen, Bombus terrestris, after diapause termination 

affects to ovipositon and colony development. Int J Indust Entomol 9, 

241-247. 

Yoon HJ, Kim SE, Lee KY, Lee SB, Park IG (2008) Copultion 

environment favorable for colony development of the European 

bumblebee, Bombus terrestris. Int J Indust Entomol 16, 7-13. 

Yoon HJ, Lee KY, Hwang JS, Park IG (2010) Chilling temperature and 

humidity to break diapauses of the bumblebee, Bombus terrestris. Int 

J Indust Entomol 20, 93-98. 

aspects of its commercialization for pollination. Apidologie 38, 421-

441. 

Winfree R, Griswold T, Kremen C (2007) Effect of human disturbance 

on bee communities in a forested ecosystem. Conserv Biol 21, 213-

223.

Yoon HJ, Kim SE, Kim YS (2002) Temperature and humidity favorable 

for colony development of the indoor-reared bumblebee, Bombus 

ignitus. Appl Entomol Zool 37, 419-423. 

Yoon HJ, Kim SE, Kim YS, Lee SB (2004a) Colony developmental 

characteristics of the bumblebee queen Bombus  ignitus by the first 

ovipositon day. Int J Indust Entomol 8, 139-143. 


