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Bombus vosnesenskii Radowszkowski, 1862 is one of three bumble bee species commercially available for 
pollination services in North America; however, little is documented about B. vosnesenskii colony life cycle or 
the establishment of ex situ rearing, mating, and overwintering practices. In this study, we documented nest 
success, colony size, and gyne production; recorded the duration of mating events; assessed overwintering 
survival of mated gynes; and evaluated second-generation nest success for colonies established from low- and 
high-elevation wild-caught B. vosnesenskii gynes. Of the 125 gynes installed, 62.4% produced brood cells (nest 
initiation) and 43.2% had at least 1 worker eclose (nest establishment). High-elevation B. vosnesenskii gynes had 
significantly higher nest initiation and establishment success than low-elevation gynes. However, low-elevation 
colonies were significantly larger with queens producing more gynes on average. Mating was recorded for 200 
low-elevation and 37 high-elevation gynes, resulting in a mean duration of 62 and 51 min, respectively. Mated 
gynes were then placed into cold storage for 54 days to simulate overwintering, which resulted in 59.1% of low-
elevation gynes surviving and 91.9% of high-elevation gynes surviving. For second-generation low-elevation 
gynes, 26.4% initiated nesting and 14.3% established nesting. Second-generation high-elevation gynes did 
not initiate nesting despite CO2 narcosis treatments. Overall, these results increase our understanding of B. 
vosnesenskii nesting, mating, and overwintering biology from 2 elevations. Furthermore, this study provides 
information on successful husbandry practices that can be used by researchers and conservationists to ad-
dress knowledge gaps and enhance the captive rearing of bumble bees.
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Introduction

The yellow-faced bumble bee (Bombus vosnesenskii Radowszkowski, 
1862) is commonly found in open grassy areas, urban parks and gar-
dens, shrubland, and mountains across low- and high-elevation areas 
throughout California, Oregon, and Washington, USA and southern 
British Columbia, Canada (Williams et al. 2014). Bombus vosnesenskii 
commonly forage on species of Acrtostaphylos, Ceanothus, 
Chrysothamnus, Cirsium, Clarkia, Ericameria, Eriogonum, 
Eschscholzia, Grindelia, Lupinus, Phacelia, Rhododendron, Ribes, 
and Vicia (Koch et al. 2012, Williams et al. 2014). Additionally, as a 
buzz pollinator, B. vosnesenskii was established as a successful green-
house pollinator of tomato crops (Dogterom et al. 1998, Strange 
2015), making it a viable candidate for commercialization.

Bombus vosnesenskii is now one of 2 bumble bee species cur-
rently available for commercial production in the United States, 

where it can be purchased for crop pollination throughout its na-
tive range (Koppert 2022). Although, B. vosnesenskii are commer-
cially produced, little information is publicly available regarding 
rearing methods, nest success, and developmental timelines (Rowe 
et al. 2023, Strange et al. 2023). Previous research identified that B. 
vosnesenskii have high nest success in a controlled laboratory setting 
(Rowe et al. 2023, Strange et al. 2023). For example, from 2014 to 
2019, 48.2% of wild-caught B. vosnesenskii gynes produced brood 
(nest initiation), and 25.2% had one worker eclose (nest establish-
ment) (Strange et al. 2023). These B. vosnesenskii queens produced 
large colonies with an average of 238.8 emerged worker/male brood 
cells and 5.7 emerged gyne cells per colony (Strange et al. 2023). To 
date, no information has been published on mating or overwintering 
methodology or success, likely due to the proprietary nature of 
industry-based practices. Furthermore, differences in success and 
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size between colonies reared from gynes collected from low- and 
high-elevation sites have not been evaluated.

As elevational generalists, B. vosnesenskii are adept at inhabiting 
environmentally and spatially heterogeneous landscapes (Lozier et 
al. 2021). Previous studies have identified that evaluating species 
across elevational gradients provides a unique opportunity to de-
termine intraspecific differences in morphological traits, population 
dynamics, gene flow, defense mechanisms, and physiology (Dillon et 
al. 2006, Oyen et al. 2016, Ramírez-Delgado et al. 2016, Gérard et 
al. 2018, Dillon and Lozier 2019, Barkan et al. 2020, Pimsler et al. 
2020, Lozier et al. 2021). Therefore, it is likely that colony develop-
ment and structure would also vary along this gradient to account 
for differences in environmental factors (e.g., weather/climate, sea-
sonality), but additional research is needed.

With the recent development of B. vosnesenskii as a commercial 
pollinator and interest in this species for scientific research (Pimsler 
et al. 2020, Lozier et al. 2021, Oyen et al. 2021), the need for public 
data on ex situ rearing, mating, and overwintering methods and 
success has become critical. In this study, we evaluated nest initi-
ation and establishment success and documented colony size and 
gyne production to create a timeline of colony development for B. 
vosnesenskii colonies produced from low- and high-elevation wild-
caught gynes. Additionally, we established successful captive mating 
techniques and documented the duration of mating events for newly 
eclosed low- and high-elevation gynes. We also evaluated the survival 
rates of low- and high-elevation mated gynes within 2 cold storage 
treatments. Furthermore, we assessed second-generation nest success 
for colonies established from low- and high-elevation wild-caught 
gynes and examined the impact of CO2 narcosis on nest initiation. 
These results contribute to increased knowledge of the systematic 
nesting, mating, and overwintering biology of B. vosnesenskii from 
low- and high-elevation sites in Oregon, USA, under captive rearing 
conditions as well as enhance and verify husbandry methodology 
available to conservationists and researchers.

Methods

Rearing
Foraging B. vosnesenskii gynes were net collected in low (27.43–
76.2 m) and high (1,311.09–1,687.37 m) elevation sites in Oregon, 
USA, in 2022, deposited in 20-ml plastic collection vials with mul-
tiple 5-mm ventilation holes, and stored in an insulated container 
with ice packs (Table 1). A total of 117 gynes were collected from 

low-elevation sites in April 2022, and 58 gynes were collected from 
high-elevation sites in June 2022 (n = 175) (Table 1). After each col-
lection event, the gynes were mailed in an insulated container with 
ice packs and access to cotton soaked with artificial nectar to the 
Ohio State University Department of Entomology Rothenbuhler Bee 
Research Lab in Columbus, OH, USA.

Following the methodology outlined in Rowe et al. (2023), the 
captured gynes were placed in plastic rearing units (15 × 15 × 10 
cm; Biobest Canada, Leamington, ON, USA) in a designated rearing 
room maintained at 28 ± 2 °C and 65 ± 2% relative humidity in 
complete darkness. Red light was used when handling (i.e., feeding, 
cleaning, transferring) the colony to avoid light disturbance. At the 
lab, 26% of low-elevation gynes and 81% of high-elevation gynes 
were paired with conspecifics, which is known as co-founding or 
pleometrosis. Pleometrosis can serve as a source of social stress, often 
resulting in open conflict among the 2 gynes where one survives and 
the other perishes, increasing the oviposition and establishment suc-
cess of the surviving gyne (Sladen 1912, Plowright and Jay 1966, 
Bernasconi and Keller 1996, Ptáček et al. 2000, Strange 2010)  
(Fig. 1). High-elevation gynes were paired with conspecifics more 
often to increase the likelihood of nest initiation, which was previ-
ously observed to be low for high-elevation gynes. Each gyne or pair 
of gynes was initially provided with a 2-g pollen provision (mix-
ture of multi-floral honeybee collected pollen and artificial nectar) 
and a wicking feeder filled with artificial nectar (50% sugar solution 
with additives) (Rowe et al. 2023). Any gynes that failed to produce 
brood after 21 days were culled. After eclosion of the first worker, 
colonies were fed pollen and artificial nectar ad libitum. After eclo-
sion of 5 workers, colonies were transferred to larger plastic rearing 
units (29 × 22 × 13 cm; Biobest Canada, Leamington, ON, Canada).

Table 1. Site information for Bombus vosnesenskii gynes collected 
in low- and high-elevation locations in Oregon, USA

Elevation (m) Geographic coordinates Gynes collected

Low elevation 117
 � 27.43 45.426, −121.306 2
 � 36.58 45.684, −121.401 31
 � 51.82 45.685, −121.393 10
 � 57.91 45.426, −123.305 12
 � 57.91 45.711, −121.524 1
 � 76.2 44.336, −123.172 61
High elevation 58
 � 1,311.09 45.320, −121.622 11
 � 1,466.09 44.225, −121.872 22
 � 1,517.59 45.319, −121.653 3
 � 1,530.71 43.931, −121.598 14
 � 1,687.37 45.335, −121.663 8

Fig. 1. Open conflict among 2 Bombus vosnesenskii gynes during 
pleometrosis. During pleometrosis, the dominant gyne attacks and kills the 
other gyne, which increases oviposition success of the surviving gyne.
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Colonies were assessed at least every 3 days over the course of 
their development to record days to first brood, days to first worker, 
days to 5 workers, days to 20 workers, and total emerged offspring 
(workers, males, and gynes). Nest initiation success (evidence of the 
queen to produce brood), nest establishment success (ability of the 
queen to rear one worker from brood), colony size (total emerged 
workers/males), and gyne production (total emerged gynes) of 
colonies produced from low- and high-elevation wild-caught B. 
vosnesenskii gynes was monitored in a controlled laboratory set-
ting (Strange 2010, Strange et al. 2023). Additionally, average days 
to nest initiation and establishment were used to construct a time-
line of colony development. Individual larval development within 
each colony was not assessed, so timelines are solely indicative of 
averaged colony development.

Mating
To optimize mating success of B. vosnesenskii gynes produced from 
first-generation colonies, methodology followed Lindsay (2020) and 
Rowe et al. (2023). New gynes and males were extracted from each 
of the colonies every 48 h, kept in separate plastic rearing units, and 
fed pollen and artificial nectar ad libitum for 10 days to allow all 
individuals to reach sexual maturity (Tasei et al. 1998, Jung et al., 
2001, Lee et al. 2002, Kwon et al. 2006, Amin et al. 2011, Herndon 
2020, Rowe et al. 2023). Gynes and males from separate colonies 
were then paired at a 1:3 ratio (at a minimum) in benchtop insect-
rearing cages that ranged from 0.03 to 0.23 m3 and supplied with 
2-g pollen provisions and artificial nectar. Cages were monitored 
for mating activity, identified by the linking and unlinking of male 
and gyne genitalia (Fig. 2). Once copulation was observed, each pair 
was removed from the insect-rearing cage and placed into a 475-
ml plastic container for continued observation. Start and end times 
for mating were recorded to obtain the duration of each mating 
event. Gynes not observed mating after 48 h were assumed to have 
mated outside of monitoring hours (20:00–08:00) and were thus 
retained for further analysis. Mated gynes were then placed in in-
dividual plastic rearing units in the rearing room and fed 2-g pollen 

provisions and artificial nectar for 3 days. After the 3-day period, the 
mated gynes were weighed and placed in mini paper craft boxes (8.5 
× 6 × 3 cm) for overwintering in cold storage (Lindsay 2020; Fig. 3).

Overwintering
Mated gynes were randomly selected for cold storage in either 1 or 
6 °C in miniature refrigerators for 54 days to simulate overwintering 
(artificial hibernation) following Lindsay (2020) and Rowe et al. 
(2023). Gynes were checked weekly to assess overwintering survival 
rates, and any deceased gynes were removed and weighed. After 
54 days, all surviving gynes were weighed and placed in individual 
plastic rearing units supplied with 2-g pollen provisions and artificial 
nectar within the rearing room to establish second-generation colo-
nies. All second-generation colonies were reared from a single gyne 
(no co-founding colonies).

To further stimulate brood production, second-generation gynes 
were subjected to CO2 narcosis one week after removal from cold 
storage if brood production had not commenced. CO2 narcosis has 
been shown to bypass diapause, induce oogenesis, and initiate egg 
production, increasing bumble bee reproductive success and overall 
fitness in controlled laboratory settings (Röseler 1985, Tasei 1994, 
Amsalem et al. 2015, Amsalem and Grozinger 2017, Rowe et al. 
2023). Gynes that had not yet produced brood were removed from 
their individual rearing units and temporarily transferred into empty 
rearing units, which were then placed inside a transparent plastic 
bag. The bag was then filled with CO2 and sealed. Once unconscious, 
the gynes were kept in this state for 30 min before being transferred 
back into their individual rearing units. This process was repeated 
3 times over the course of a week on all gynes that had not yet 
initiated brood. After the third round of CO2 narcosis, the gynes 
were left alone for one week. This process was then repeated the fol-
lowing week on all gynes that had not produced brood. Gynes were 
then given 21 days after the sixth round of CO2 narcosis to produce 
brood. Any gynes that did not produce brood after this time were 
culled. Any queens that produced brood were reared following the 

Fig. 2. Coupling observed between Bombus vosnesenskii gynes and males: (A) gyne on left, male on right, and (B) gyne on the top, and males in the middle and 
bottom. Only the bottom male is mating with the gyne. The middle male is not actively involved in the mating process.

D
ow

nloaded from
 https://academ

ic.oup.com
/jinsectscience/article/23/5/18/7297652 by U

niversity of W
yom

ing Libraries user on 10 January 2024



4 Journal of Insect Science, 2023, Vol. 23, No. 5

same methodology described in the Bombus vosnesenskii Rearing 
section.

Data Analysis
Statistical analyses were conducted in R version 4.3.1 (R Core Team 
2022). Two-sample z-tests for proportions were conducted to test for 
differences in both nest initiation and establishment success between 
first-generation low- and high-elevation colonies. For both first-gen-
eration low- and high-elevation colonies, 2-sample z-tests for 
proportions were used to test for differences in both nest initiation 
and establishment success between colonies produced from a single 
queen or via co-founding. Individual analysis of variance (ANOVA) 
was conducted to test for differences in the total number of emerged 
workers/males and total number of emerged gynes among low- and 
high-elevation B. vosnesenskii colonies (P < 0.05). A t-test was used 
to evaluate differences in copulation duration between low- and high-
elevation gynes. A 2-sample z-test for proportions was conducted to 
test for differences in survivorship between low- and high-elevation 

overwintered gynes. A t-test was used to evaluate the impact of the 
gynes starting mass (gram) on overwintering survival for low- and 
high-elevation gynes in 1 and 6 °C cold storage. For second-gen-
eration low-elevation colonies, a 2-sample z-test for proportions 
was used to examine differences in the influence of CO2 narcosis on 
nest initiation success. Additionally, 2-sample z-tests for proportions 
were conducted to test for differences in nest initiation and establish-
ment success between gynes overwintered at 1 and 6 °C.

Results

Rearing: First Generation
Of the 125 wild-caught gynes installed in rearing units, 62.4% 
produced brood cells (nest initiation) and 43.2% had at least 1 
worker eclose (nest establishment) (Table 2). High-elevation B. 
vosnesenskii gynes had significantly higher nest initiation (z-score 
= 1.92, df = 1, P = 0.02) and establishment success (z-score = 1.93,  
df = 1, P = 0.02) than low-elevation gynes.

Fig. 3. Overwintering set up for mated Bombus vosnesenskii gynes. A single gyne was placed into a mini paper craft box with a folded paper towel and a small 
strip of cardboard. Craft boxes with gynes were then placed into cold storage at either 1 or 6 °C to simulate overwintering.

Table 2. Rearing success of first-generation low- and high-elevation Bombus vosnesenskii colonies produced from a single queen or via 
co-founding. Nest initiation was defined as evidence of the queen to produce brood, while nest establishment was defined as the eclosion 
of a single worker. Bombus vosnesenskii colony development was defined as days to nest initiation ± SD, days to nest establishment ± SD, 
days to 5 workers ± SD, and days to 20 workers ± SD

Rearing technique Nest initiation Nest establishment Days to first brood Days to first worker Days to 5 workers Days to 20 workers

Low elevation
 � Single 34/69

(49.3%)
21/69

(30.4%)
9.9 ± 8.3 43.5 ± 13.8 56.4 ± 12.7 71.0 ± 11.9

 � Co-founding 19/24
(79.2%)

14/24
(58.3%)

10.7 ± 12.1 37.6 ± 15.2 60.4 ± 20.8 67.7 ± 11.5

 � Combined 53/93
(56.9%)

35/93
(37.6%)

10.2 ± 9.7 41.2 ± 14.5 58.0 ± 16.2 69.9 ± 11.7

High elevation
 � Single 4/6

(66.7%)
2/6

(33.3%)
8.0 ± 4.1 35.0 ± 7.1 44.0 ± 11.3 57.0 ± 11.3

 � Co-founding 21/26
(80.8%)

17/26
(65.4%)

8.2 ± 5.1 41.8 ± 15.2 57.4 ± 14.3 75.7 ± 14.1

 � Combined 25/32
(78.1%)

19/32
(59.4%)

8.2 ± 4.9 41.2 ± 14.6 55.8 ± 14.4 73.2 ± 14.9
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For low-elevation wild-caught B. vosnesenskii gynes, 56.9% 
produced brood cells and 37.6% had at least one worker eclose 
(Table 2). Low-elevation gynes reared via co-founding had signifi-
cantly higher nest initiation (z-score = 2.31, df = 1, P = 0.01) and nest 
establishment (z-score = 2.18, df = 1, P = 0.01) success compared to 
those reared from a single gyne. For low-elevation colonies reared 
from a single queen, 49.3% initiated nesting 9.9 ± 8.3 days after nest 
instalment, and 30.4% established nests 43.5 ± 13.8 days after nest 
instalment (Table 2). Meanwhile, 79.2% of low-elevation colonies 
reared via co-founding produced brood 10.7 ± 12.1 days after nest 
instalment, and 58.3% established nests 37.6 ± 15.2 days after nest 
instalment (Table 2).

We observed that 78.1% of high-elevation wild-caught B. 
vosnesenskii gynes produced brood and 59.4% had at least 
one worker eclose (Table 2). High-elevation gynes reared via 
co-founding tended to have higher nest initiation and establish-
ment success per rearing unit compared to those reared from a 
single gyne. For high-elevation colonies reared from a single queen, 
66.7% initiated nesting 8.0 ± 4.1 days after nest instalment, and 
33.3% established nests 35.0 ± 7.1 days after nest instalment 
(Table 2). Meanwhile, 80.8% of high-selevation colonies reared via 
co-founding produced brood 8.2 ± 5.1 days after nest instalment, 
and 65.4% established nests within 41.8 ± 15.2 days after nest 
instalment (Table 2). Given differences in sample size among colo-
nies reared from a single gyne or via co-founding, we could not sta-
tistically evaluate the impact of rearing technique on nest initiation 
and establishment success.

Overall, colony size and gyne production varied among low- 
and high-elevation B. vosnesenskii colonies. Low-elevation B. 
vosnesenskii had larger colonies with queens producing significantly 
more workers and males than those from high-elevation colonies (F 
= 8.48, df = 1, P = 0.005) (Fig. 4). Low-elevation queens produced 
an average of 99.4 ± 69.3 workers and males per colony, ranging 
from 1 to 247 offspring. High-elevation colonies ranged from 1 to 
98 offspring, with an average production of 50.8 ± 29.2 workers 
and males. Gyne production did not differ significantly between low- 
and high-elevation colonies (F = 1.57, df = 1, P = 0.22) (Fig. 5). 
Low-elevation queens produced 5.9 ± 13.5 gynes on average with 
a maximum of 68 gynes produced from a single colony, whereas 
high-elevation queens produced an average of 1.8 ± 4.9 gynes with a 
maximum of 16 gynes produced from a single colony. Overall, 200 
low-elevation gynes were produced by 11 colonies, while 37 high-
elevation gynes were produced by 3 colonies.

Mating
Copulation was recorded for 148 of the 200 low-elevation gynes. 
Mating duration for low-elevation gynes ranged from 3 min to 4 h 
and 19 min, with a mean duration of 1 h and 2 min. Additionally, 
copulation was recorded for 21 of the 37 high-elevation gynes. 
Mating duration for high-elevation gynes ranged from 3 min to 1 
h and 36 min, with a mean duration of 51 min. Copulation du-
ration between low- and high-elevation gynes was not significantly 
different (t = 1.75, df = 42.87, P = 0.09). The remaining 52 low-
elevation and 16 high-elevation gynes not observed mating were not 
included in the copulation duration analysis but were evaluated for 
overwintering survival.

Overwintering
Of the 231 mated gynes placed in cold storage at 1 or 6 °C, 65.4% 
survived overwintering after 54 days. High-elevation gynes had sig-
nificantly higher survivorship than low-elevation gynes (z-score = 
3.57, df = 1, P < 0.001), with 59.1% of low-elevation gynes and 
91.9% high-elevation gynes surviving cold storage (Table 3).

Mated low-elevation gynes (n = 194) were placed into cold 
storage to stimulate overwintering conditions: 95 at 1 °C and 99 
at 6 °C. Due to a malfunction in the 1 °C refrigerator, temperatures 
reached −4 °C overnight causing 40 of the mated low-elevation 
gynes to die. These specimens were subsequently removed from 
data analysis. Nevertheless, 61.8% of mated low-elevation gynes 
survived overwintering in 1 °C cold storage and 57.6% survived 
overwintering in 6 °C cold storage (Table 3). Mated low-elevation 
gynes with higher body masses had significantly higher survival rates 
than those with lower masses in both 1 °C (t = 6.01, df = 35.99, P < 
0.001) and 6 °C (t = 9.53, df = 60.75, P < 0.001) cold storage.

Mated high-elevation gynes (n = 37) were placed into cold 
storage to stimulate overwintering conditions: 19 at 1 °C and 18 at 
6 °C. For mated high-elevation gynes, 94.7% and 88.9% survived 

Fig. 4. The total number of eclosed workers and males produced by low- and 
high-elevation Bombus vosnesenskii colonies, which is indicative of colony 
size. Low-elevation B. vosnesenskii queens produced larger colonies on 
average than high-elevation queens. Crossbars represent the mean.

Fig. 5. The total number of gynes produced by low- and high-elevation 
Bombus vosnesenskii colonies. The average number of gynes produced per 
colony did not differ between low- and high-elevation colonies. Crossbars 
represent the mean.

Table 3. Overwintering survival of mated low- and high-elevation 
B. vosnesenskii gynes after 54 days in 1 or 6 °C cold storage

Eleva-
tion

1 °C cold storage 
survival rates

6 °C cold storage 
survival rates

Combined cold 
storage survival rates

Low 34/55
(61.8%)

57/99
(57.6%)

91/154
(59.1%)

High 18/19
(94.7%)

16/18
(88.9%)

34/37
(91.9%)
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overwintering in 1 and 6 °C cold storage, respectively (Table 3). 
Given the high survival rates of mated high-elevation gynes held 
at 1 °C, statistical comparisons could not be used to evaluate the 
impact of gyne starting mass on overwintering survival. For mated 
high-elevation gynes in 6 °C cold storage, survival rates were not 
influenced by mass (t = 1.26, df = 1.16, P = 0.41).

Rearing: Second Generation
Of second-generation low-elevation B. vosnesenskii colonies reared 
from a single queen, 26.4% produced brood and 14.3% had at least 
one worker eclose (Table 4). Nesting success was not influenced by 
overwintering temperature as nest initiation (z-score = 0.23, df = 1, 
P = 0.41) and establishment (z-score = 0.08, df = 1, P = 0.5) success 
did not differ significantly between 1 and 6 °C. For low-elevation 
gynes overwintered at 1 °C, 23.5% initiated nesting 37.3 ± 14 days 
after nest installation and 14.7% established nests 64.2 ± 10.4 days 
after nest instalment (Table 4). Meanwhile, 28.1% of low-elevation 
gynes overwintered at 6 °C produced brood 48.3 ± 15.1 days after 
nest instalment and 14% established nests within 78.0 ± 9.8 days 
after nest instalment (Table 4). Furthermore, CO2 narcosis did not 
influence nest initiation success (z-score = 1.02, df = 1, P = 0.15). 
None of the 34 second-generation high-elevation gynes that survived 
overwintering conditions produced brood 36.4 ± 16.4 days after 
nest instalment and 6 rounds of CO2 narcosis.

Overall, low-elevation queens produced an average of 9.2 ± 13.9 
workers and males, ranging from 0 to 50 offspring, and 0.5 ± 1 
gynes. A total of 6 gynes were produced by 3 second-generation col-
onies, with 3 gynes eclosing from a single colony.

Discussion

Although B. vosnesenskii is commercially available in the United 
States, this is only the second study to publish information on 
rearing methods, nest success, developmental timelines, colony 
size, and gyne production for this species (Strange et al. 2023), 
and the first to document mating and overwintering success and 
methodology. Therefore, this comprehensive, observational study 
enhances our understanding of B. vosnesenskii nesting, mating, and 
overwintering biology from low and high elevations, which can be 
used by researchers and conservationists to address knowledge gaps 
and enhance captive rearing of bumble bees. Methods outlined in 
this study can also be employed when rearing other Bombus species, 
making this research broadly applicable to researchers and industry 
members.

First-generation B. vosnesenskii had high nest success in a 
controlled laboratory setting, which substantiates previous results 
obtained in a 5-yr study by Strange et al. (2023). Our study 

documented that 62.4% of B. vosnesenskii initiated nesting and 
43.2% established nests, which was higher than the nest success 
recorded in Strange et al. (2023) (initiation: 48.2%; establishment: 
25.2%). Although nest success was high across both elevations, high-
elevation gynes had significantly higher nest initiation and establish-
ment success than low-elevation gynes. Meanwhile, low-elevation 
colonies were significantly larger on average. Offspring produc-
tion (low: 99.4 ± 69.3; high: 50.8 ± 29.2) in this study was much 
lower than the average 238.8 ± 151.6 workers/males documented in 
Strange et al. (2023). Furthermore, low- and high-elevation colonies 
produced a considerable number of gynes (low: n = 200, high: n = 
37), indicating high production of sexually reproductive individuals. 
Future research should evaluate biological differences between low- 
and high-elevation B. vosnesenskii across a broad geographic range 
to elucidate factors that could impact the observed differences in 
nest establishment, colony size, and gyne production. For example, 
the difference in colony size from gynes collected from 2 elevations 
but reared in a common laboratory setting suggests that selection 
for colony size may instead be occurring across this elevational gra-
dient due to genetic variation. Shorter seasons at high-elevation sites 
may be selected for the rapid development of colonies (Lozier et al. 
2021), resulting in smaller colonies that are quicker to produce re-
productive offspring to facilitate the continuation of the colony’s life 
cycle. Furthermore, as these results are only representative of a single 
year, future research should be conducted over multiple years to de-
termine whether these findings are relatively consistent or whether 
annual variation occurs.

Documenting bumble bee mating in the wild is difficult due to 
the short time period in which coupling occurs and the fact that 
mating is a brief period within their life cycle. Therefore, assessing 
mating in captivity can provide information on variations in bumble 
bee mating behavior among species (Rowe et al. 2023). However, 
mating success is often low in captivity, despite advancements 
in methodology to maximize mating strategies (Tasei et al. 1998, 
Herndon 2020, Treanore et al. 2021, Rowe et al. 2023). Previous 
research documented that mating duration typically lasts 10–60 min 
(van Honk et al. 1978, Foster 1992, Duvoisin et al. 1999, Amin et 
al. 2009). Whereas in our study, mating ranged from 3 min to 4 h 
and 19 min across 169 B. vosnesenskii gynes. While the transfer of 
sperm to the spermatheca likely occurs within the first 2 min, the 
extended period in which the male remains coupled with the gyne is 
likely a behavioral adaptation to reduce multiple mating (Duvoisin 
et al. 1999, Baer et al. 2001, Sauter et al. 2001, Brown et al. 2002). 
While many bumble bee species appear to be monandrous based on 
molecular analyses (Estoup et al. 1995, Schmid-Hempel and Schmid-
Hempel 2000), other bumble bee species are polyandrous, mating up 
to 6 times (Estoup et al. 1995, Schmid-Hempel and Schmid-Hempel 

Table 4. Rearing success of second-generation low-elevation B. vosnesenskii colonies produced from a single queen. Nest initiation was 
defined as evidence of the queen producing brood, while nest establishment was defined as the eclosion of a single worker. Bombus 
vosnesenskii colony development in captivity was defined as days to nest initiation ± SD, days to nest establishment ± SD, days to 5 
workers ± SD, and days to 20 workers ± SD

Overwintering condition Nest initiation Nest establishment Days to first brood Days to first worker Days to 5 workers Days to 20 workers

Low elevation
 � 1 °C 8/34

(23.5%)
5/34

(14.7%)
37.3 ± 14.0 64.2 ± 10.4 72.3 ± 9.5 99.0 ± 0

 � 6 °C 16/57
(28.1%)

8/57
(14.0%)

48.3 ± 15.1 78.0 ± 9.8 81.7 ± 5.7 92.0 ± 0

 � Combined 24/91

(26.4%)

13/91

(14.3%)

44.6 ± 15.4 72.7 ± 11.9 78.0 ± 8.2 95.5 ± 4.9
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2000, Paxton et al. 2001). Regardless of whether the species is mo-
nandrous or polyandrous, males can impose monandry on gynes and 
reduce the probability of multiple mating by inserting a mating plug 
during copulation (Duvoisin et al. 1999, Baer et al. 2001, Sauter et 
al. 2001). It has been hypothesized that the longer the male remains 
attached, the probability that the plug will fully deposit and prop-
erly set within the gynes reproductive tract increases (Duvoisin et 
al. 1999, Brown et al. 2002). Previous research also suggests that 
as mating duration increases, the probability of remating decreases 
(Brown et al. 2002). While this may be due to the successful place-
ment of the mating plug, it may also be due to the energy and time 
cost imposed on the gyne during mating, making her less likely 
to choose to remate (Brown et al. 2002). In the present study, B. 
vosnesenskii gynes were observed mating multiple times if the gyne 
was not removed from the benchtop rearing cage. However, whether 
the subsequent males were successful at transferring sperm to the 
spermatheca of the gyne is unknown. Furthermore, since mating 
was observed between 8:00 and 20:00 in this study, it is possible 
that multiple matings occurred outside of this time period, but were 
not documented. Future research is needed to evaluate the success 
of multiple mating activities and the efficacy of mating plugs in B. 
vosnesenskii. Determining the success of multiple mating activities 
would be accomplished by genotyping workers within the same 
colony to determine their paternity, which could represent the pres-
ence of one or multiple fathers.

Similar to mating success in captivity, cold storage is often asso-
ciated with high mortality (Lindsay 2020), despite improvements in 
overwintering protocols (Rowe et al. 2023). Survival in cold storage 
has been found to decrease drastically after 3 months (Lindsay 2020), 
which is relatively short compared to the length of time mated gynes 
undergo overwintering in the wild (Rowe et al. 2023). Initial body 
mass has been found to impact overwintering survival, with heavier 
queens having an advantage due to an increase in the accumulation 
of lipids in the bumble bee’s fat body (Alford 1969, Holm 1972, 
Haunerland and Shirk 1995, Beekman et al. 1998, Fliszkiewicz and 
Wilkaniec 2007, Yoon et al. 2010, Lindsay 2020). We documented 
high success rates when overwintering gynes for 54 days, as 59.1% 
of low-elevation gynes and 91.9% of high-elevation gynes survived. 
Similar to previous findings, body mass significantly influenced 
mated low-elevation gyne overwintering survival, with heavier 
bees having higher survival rates in both 1 and 6 °C cold storage. 
However, body size did not significantly impact high-elevation gynes, 
as survival rates were high across both cold storage temperatures. 
This significant difference in survivorship across the 2 elevations 
may be a result of geographic differences and bioclimatic variables 
influencing their thermal abilities. Previous studies have identified 
that critical thermal minima decrease with increasing elevations, so 
high-elevation gynes may be more cold tolerant and less susceptible 
to cold shock than low-elevation gynes (Oyen et al. 2016, Gonzalez 
2022), but see Oyen et al. (2021). Furthermore, our high-elevation 
gynes may have fared better in this study than low-elevation gynes 
since the thermal regime was set at a consistent temperature (Lindsay 
2020). High-elevation B. vosnesenskii may be adapted to more con-
sistent overwintering temperatures as increased snowpack can act 
as an insulator, reducing variation in soil temperatures (Lindsay 
2020). Additionally, since snowpack remains for extended periods of 
time in high-elevation environments, high-elevation B. vosnesenskii 
may be adapted to survive longer in cold storage. This may have 
contributed to the high survival rates observed across both cold 
storage temperatures regardless of their initial body mass. While sur-
vival rates did not differ significantly when comparing cold storage 
temperatures, survivorship was higher in 1 °C cold storage than 6 

°C for both low- and high-elevation gynes, which may reflect lower 
metabolic rates and therefore lower rates of energy usage at cooler 
temperatures (Heinrich 1974, Martinet et al. 2020).

Nest success was lower in the second-generation B. vosnesenskii 
than the first-generation B. vosnesenskii, with 26.4% of low-elevation 
gynes initiating nests and 14.3% establishing nests, and 0% of high-
elevation gynes initiating nests. Second-generation nest success may 
improve with the implementation of co-founding, since first-gener-
ation gynes had higher nest initiation and establishment success per 
rearing unit compared to those reared from a single gyne. Additional 
research is needed to assess variables that may have contributed to 
the lack of nest initiation in high-elevation gynes, including time 
spent in cold storage, floral resource quality, and the successful 
transfer of sperm to the spermatheca. While the overwintered gynes 
were subjected to several rounds of CO2 narcosis to stimulate brood-
iness, these treatments did not improve nest initiation success. This 
differs from previous results, which found that CO2 narcosis induces 
oogenesis and initiates egg production, which can increase reproduc-
tive success and overall fitness in bumble bees (Röseler 1985, Tasei 
1994, Amsalem et al. 2015, Amsalem and Grozinger 2017, Treanore 
et al. 2021, Rowe et al. 2023). Although nest success was lower, it is 
necessary to underscore the importance and accomplishment behind 
successfully rearing a second-generation of B. vosnesenskii colonies 
in a controlled laboratory setting.

With the rearing, mating, and overwintering methods employed 
in this study, we were able to achieve high first-generation nest suc-
cess and gyne production, successful transfer of sperm to the sperma-
theca, and high overwintering survivorship. When considering the 
nest success obtained within both the first- and second-generation 
colonies, this is likely much higher within a controlled laboratory 
setting than what occurs in the wild. Bumble bees raised in cap-
tivity are protected from many external factors, such as variation 
in weather, exposure to pesticides, predation, reduced genetic varia-
tion, and restricted access to adequate floral and nesting resources, 
which can increase mortality and reduce overall health (Rowe et al. 
2023). As such, captive rearing not only contributes to the enhanced 
knowledge of bumble bee biology but can also support bumble bee 
conservation by mitigating the effects of population declines via as-
sisted reintroductions and increased genetic diversity.

Acknowledgments

We thank Claire Nagy, Gwen Stamper, Mary Kozlowski, and 
Adriane Thompson for their assistance with rearing, mating, 
and overwintering bumble bees. This work was made possible 
by National Science Foundation Grant Number 1921585. Any 
opinions, findings, conclusions, or recommendations expressed in 
this material are those of the authors and do not necessarily reflect 
the views of the National Science Foundation.

Author Contributions

Morgan Christman (Conceptualization – Equal, Data curation – Lead, 
Formal analysis – Lead, Investigation – Equal, Methodology – Equal, 
Project administration – Equal, Software – Lead, Supervision –  
Equal, Validation – Equal, Visualization – Lead, Writing – orig-
inal draft – Lead), Nezhat Barkan (Conceptualization – Equal, 
Investigation – Equal, Methodology – Equal, Project administra-
tion – Equal, Supervision – Equal, Validation – Equal, Writing – re-
view & editing – Equal), Claire Campion (Investigation – Equal, 
Writing – review & editing – Equal), Sam Heraghty (Investigation –  
Equal, Writing – review & editing – Equal), Ellen Keaveny 

D
ow

nloaded from
 https://academ

ic.oup.com
/jinsectscience/article/23/5/18/7297652 by U

niversity of W
yom

ing Libraries user on 10 January 2024



8 Journal of Insect Science, 2023, Vol. 23, No. 5

(Investigation – Equal, Writing – review & editing – Equal), Kelton 
Verble (Investigation – Equal, Writing – review & editing – Equal), 
Sarah Waybright (Investigation – Equal, Writing – review & editing 
– Equal), Michael Dillon (Funding acquisition – Equal, Investigation 
– Equal, Resources – Equal, Writing – review & editing – Equal), 
Jeffrey Lozier (Funding acquisition – Equal, Investigation – Equal, 
Resources – Equal, Writing – review & editing – Equal), James 
Strange (Conceptualization – Equal, Funding acquisition – Equal, 
Methodology – Equal, Resources – Equal, Writing – review & ed-
iting – Equal)

Data availability

The data and code supporting the findings of this study are openly 
available on Zenodo at https://doi.org/10.5281/zenodo.8161450.

References
Alford DV. A study of the hibernation of bumblebees (Hymenoptera: 

Bombidae) in southern England. J Anim Ecol. 1969:38(1):149–170. 
https://doi.org/10.2307/2743

Amin MR, Than KK, Kwon YJ. Copulation duration of bumblebee Bombus 
terrestris (Hymenoptera: Apidae): impacts on polyandry and colony 
parameters. J Asia-Pac Entomol. 2009:12(3):141–144. https://doi.
org/10.1016/j.aspen.2009.02.010

Amin MR, Kwon YJ, Thet ZM. Effect of worker number and diapause 
duration on colony parameters of the bumblebee, Bombus terrestris 
(Hymenoptera: Apidae). J Asia-Pac Entomol. 2011:14(4):455–458. https://
doi.org/10.1016/j.aspen.2011.06.004

Amsalem E, Grozinger CM. Evaluating the molecular, physiological and behav-
ioral impacts of CO2 narcosis in bumble bees (Bombus impatiens). J Insect 
Physiol. 2017:101:57–65. https://doi.org/10.1016/j.jinsphys.2017.06.014

Amsalem E, Grozinger CM, Padilla M, Hefetz A. The physiological and 
genomic bases of bumble bee social behaviour. Adv Insect Physiol. 
2015:48:37–93.

Baer B, Morgan ED, Schmid-Hempel P. A nonspecific fatty acid within the 
bumblebee mating plug prevents females from re-mating. Proc Natl Acad 
Sci USA 2001:98:3926–3928.

Barkan NP, Chevalier M, Pradervand J-N, Guisan A. Alteration of bumblebee 
venom composition toward higher elevation. Toxins. 2020:12(1):4–13. 
https://doi.org/10.3390/toxins12010004

Beekman M, Van Stratum P, Lingeman R. Diapause survival and post-diapause 
performance in bumblebee queens (Bombus terrestris). Entomol Exp Appl. 
1998:89:207–214.

Bernasconi G, Keller L. Reproductive conflicts in cooperative associations of fire 
ant queens (Solenopsis invicta). Proc R Soc B Biol Sci. 1996:263:509–513.

Brown MJF, Baer B, Schmid-Hempel R, Schmid-Hempel P. Dynamics of 
multiple-mating in the bumble bee Bombus hypnorum. Insectes Soc. 
2002:49(4):315–319. https://doi.org/10.1007/pl00012654

Dillon ME, Lozier JD. Adaptation to the abiotic environment in insects: 
the influence of variability on ecophysiology and evolutionary geno-
mics. Curr Opin Insect Sci. 2019:36:131–139. https://doi.org/10.1016/j.
cois.2019.09.003

Dillon ME, Frazier MR, Dudley R. Into thin air: physiology and evolu-
tion of alpine insects. Integr Comp Biol. 2006:46(1):49–61. https://doi.
org/10.1093/icb/icj007

Dogterom MH, Matteoni JA, Plowright RC. Pollination of greenhouse 
tomatoes by the North American Bombus vosnesenskii (Hymenoptera: 
Apidae). J Econ Entomol. 1998:91(1):71–75. https://doi.org/10.1093/
jee/91.1.71

Duvoisin N, Baer B, Schmid-Hempel P. Sperm transfer and male compe-
tition in a bumblebee. Anim Behav. 1999:58(4):743–749. https://doi.
org/10.1006/anbe.1999.1196

Estoup A, Scholl A, Pouvreau A, Solignac M. Monoandry and polyandry in 
bumble bees (Hymenoptera: Bombinae) as evidenced by highly variable 
microsatellites. Mol Ecol. 1995:4(1):89–93. https://doi.org/10.1111/
j.1365-294x.1995.tb00195.x

Fliszkiewicz M, Wilkaniec Z. Fatty acids and amino acids in the fat body 
of bumblebee Bombus terrestris (L.) in diapausing and non-diapausing 
queens. J Apic Sci. 2007:51:55–63.

Foster RL. Nestmate recognition as an inbreeding avoidance mech-
anism in bumble bees (Hymenoptera: Apidae). J Kansas Entomol Soc. 
1992:65:238–243.

Gérard M, Vanderplanck M, Franzen M, Kuhlmann M, Potts SG, Rasmont 
P, Schweiger O, Michez D. Patterns of size variation in bees at a conti-
nental scale: does Bergmann’s rule apply? Oikos. 2018:127(8):1095–1103. 
https://doi.org/10.1111/oik.05260

Gonzalez VH, Oyen K, Aguilar ML, Herrera A, Martin RD, Ospina R. Higher 
thermal tolerance in high-elevation species and laboratory-reared colonies 
of tropical bumble bees. Ecol Evol. 2022:12:1–13.

Haunerland NH, Shirk PD. Regional and functional differentiation in the 
insect fact body. Annu Rev Entomol. 1995:40(1):121–145. https://doi.
org/10.1146/annurev.en.40.010195.001005

Heinrich B. Thermoregulation in endothermic insects. Science. 
1974:185(4153):747–756. https://doi.org/10.1126/science.185.4153.747

Herndon JD. Investigating nest box utilization by bumble bees and reproduc-
tive development of male bumble bees [Masters Thesis]. Logan, UT, USA: 
Utah State University; 2020.

Holm SN. Weight and life length of hibernating bumble bee queens 
(Hymenoptera: Bombidae) under controlled conditions. Insect Syst Evol. 
1972:3(4): 313–320. https://doi.org/10.1163/187631272x00184

Jung JK, Mah YI, Kim JS. Mating rate of Bombus ardens (Hymenoptera: 
Apidae) queens with day, time and age. Korean J Apic. 2001:16:37–44.

Koch J, Strange J, Williams P. Bumble bees of the Western United States. 
Washington, DC, USA: U.S. Forest Service and Pollinator Partnership; 
2012. p. 1–144.

Koppert. Quad. 2022. [accessed 2023 October 3]. https://www.koppertus.
com/quad/. 

Kwon YJ, Than KK, Suh SJ. New method to stimulate the onset of Bombus 
terrestris (Hymenoptera: Apidae) rearing: using worker helpers in the 
presence of frozen pupae. Entomol Res. 2006:36(4): 202–207. https://doi.
org/10.1111/j.1748-5967.2006.00041.x

Lee S, Mah Y, Yoon H, Park I, Bae T. The mating in the field and the indoor 
condition of Korea indigenous bumblebee Bombus ignitus queen. Korean 
J Apic. 2002:17:103–112.

Lindsay TTT. Assessing the effects of cold storage regimes of North American 
Bombus queens: long live the humble queen [Masters Thesis]. Logan, UT, 
USA: Utah State University; 2020.

Lozier JD, Parsons ZM, Rachoki L, Jackson JM, Pimsler ML, Oyen KJ, 
Strange J, Dillon ME. Divergence in body mass, wing loading, and pop-
ulation structure reveals species-specific and potentially adaptive trait 
variation across elevations in montane bumble bees. Insect Syst Diversity. 
2021:5(5):1–15.

Martinet B, Dellicour S, Ghisbain G, Pryzbyla K, Zambra E, Lecocq T, 
Boustani M, Baghirov R, Michez D, Rasmont P. Global effects of extreme 
temperatures on wild bumblebees. Conserv Biol. 2020:35:1507–1518.

Oyen KJ, Giri S, Dillon ME. Altitudinal variation in bumble bee (Bombus) crit-
ical thermal limits. J Therm Biol. 2016:59:52–57. https://doi.org/10.1016/j.
jtherbio.2016.04.015

Oyen KJ, Jardine LE, Parsons ZM, Herndon JD, Strange JP, Lozier JD, Dillon 
ME. Body mass and sex, not local climate, drive differences in chill coma 
recovery times in common garden reared bumble bees. J Comp Physiol B. 
2021:191(5):843–854. https://doi.org/10.1007/s00360-021-01385-7

Paxton RJ, Thorén PA, Estoup A, Tengö J.  Queen-worker conflict over 
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