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ARTICLE INFO ABSTRACT

Keywords: Physiological thermal limits often reflect species distribution, but the role that ambient temperature (T,) plays in
Heat tolerance limiting species within their thermal environment remains unclear. Climate change-linked declines in bumble-
Bumblebee bees, an important pollinator group, leave questions regarding which aspect of their physiology is hindered
'Eflse::oregulation under high T,. As a eusocial species, bumblebees utilize their ability to thermoregulate as a superorganism to
Colony maintain nest temperature (T,) within a narrow thermal window to buffer developing larvae from developmental
Bombuis defects. Thermoregulatory behaviours, such as thermogenesis to warm up and fanning to cool down the nest, are

energetically expensive and it is uncertain how successful large colonies are at maintaining T, within its optimal
range. Using a common bumblebee species, Bombus impatiens, our study first established the critical thermal
limits (CTmax) of workers, queens, drones and larvae to determine which caste is most thermally sensitive to
heat. We found that larvae had significantly lower heat tolerance than adults, highlighting the importance of
colonial thermoregulation. We then measured the energy expenditure of large colonies under acute thermal
stress (5-40 °C) using flow-through respirometry while simultaneously quantifying T;,. Colonies that experienced
T, at or below optimal T, (<30 °C) were successful at thermoregulation. At 35 °C and above, however, T,
increased despite high energetic costs to the colony. Together our results demonstrate that high T, poses a risk to

Metabolic rate

colonies that fail to buffer thermally sensitive larvae from changes in T

1. Introduction

The capacity to function in variable environmental temperatures is
central to animal species success and distribution. Macrophysiological
patterns emerging to date indicate that measures of thermal tolerance
are linked with species distribution, though this association is not
straightforward. Terrestrial cold tolerance has greater latitudinal and
altitudinal variation than upper thermal tolerance both on a broad scale
across taxon groups (Sunday et al., 2011, 2014, 2019) and within taxa
including lizards (e.g., Clusella-Trullas et al., 2011; Huey et al., 2009;
Van Berkum, 1988), amphibians (e.g., Snyder and Weathers 1975) and
insects (e.g., Addo-Bediako et al., 2000; Calosi et al., 2010; Oyen et al.,
2016). Other factors than thermal tolerance may be better predictors of
species distribution including foraging activity thermal limits (e.g., Guo
etal., 2020), growing degree day and precipitation (e.g., Tremblay et al.,
2021) as well as moisture and predator-prey interactions (e.g., Amun-
drud and Srivastava 2020). Nevertheless, at the population-level, upper
thermal tolerance may respond to local climate and habitat (Herran-
do-Pérez et al., 2020; Vorhees et al., 2013). Recent findings suggesting

that the ability to cope with temperatures that exceed species’ historical
upper thermal limits explained the decline of endothermic poikilo-
thermic bumblebees (Soroye et al., 2020) and shrinking distributions at
the southern ranges of this group of bees (Kerr et al., 2015). Whether
physiological properties limit their capacity to cope with environmental
temperature variation remains unclear.

The ability to cope with temperature variation is not easily charac-
terized in animals such as eusocial bumblebees given their multifaceted
thermal physiology. An individual’s capacity to tolerate acute changes
in environmental temperature can be characterized by measuring their
critical thermal maxima (CTmax), a point of failure when locomotion is
no longer possible (Berrigan and Hoffmann 1998). Bumblebee species
show variation in CTmax according to altitude (Oyen et al., 2016) as
well as sociality and nesting strategy, for example cavity-nesting bum-
blebees are less thermally tolerant than other ground-nesting bee species
(Hamblin et al., 2017). Average estimates of CTmax values obtained for
a species are fairly robust with no changes found according to accli-
mation temperature, feeding status, adult age (Oyen and Dillon, 2018)
or caste (workers vs. queens; Maebe et al., 2021). Bumblebee colonies
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also include male caste as well as developing larvae and pupae, which
may represent thermally vulnerable colony members. The “weak link”
hypothesis discusses how individuals with the lowest CTmax are more
easily thermally stressed and thus impact colony performance (Baudier
and O’Donnell, 2017). Therefore, bumblebee colonies with diverse
phenotypes, and possibly variable abilities to cope with heat stress,
should be considered.

The endothermic poikilothermic capacity of bumblebees provides
multiple benefits for individuals and the colony. Individuals can warm
up and maintain flight muscle temperature above that of the environ-
ment, making them particularly successful at foraging in colder climates
(e.g., Corbet et al., 1993; Heinrich, 1974). To achieve flight, bumblebee
thorax muscles must reach approximately 30 °C (Heinrich, 1974)
accomplished through wing shivering as well as proposed non-shivering
mechanisms including the use of mitochondrial substrate glycerol
3-phosphate (Masson et al., 2017) and futile cycling (Staples et al.,
2004). With this capacity for thermogenesis, the secondary benefit of
nest temperature (T,) regulation arises. Social bee T, is therefore
maintained within narrow thermal windows of approximately 34-36 °C
for honeybees (Medrzycki et al., 2010; Stabentheiner et al., 2010, 2021)
and 30-33 °C for bumblebees (Barrow and Pickard, 1985; Heinrich,
2004; Schultze-Motel, 1991; Vogt, 1986a). Deviations from these
optimal nest temperatures lead to detrimental effects on individuals
within a colony. For instance, reductions in pupal-stage rearing tem-
perature are well documented to result in impairments to the dance
communication, olfactory senses, and short-term memory of adult
honeybees (Groh et al., 2004; Jones et al., 2005; Tautz et al., 2003; Wang
et al., 2016) and elevated temperatures of 3 °C can prevent pupae from
emerging as adults (Groh et al., 2004). Larvae also represent a crucial
stage of bee development, requiring incubation and feeding by workers
to maintain their growth and development to reach the pupal stage
(Heinrich, 2004). Previous works document that larvae reared under
suboptimal thermal conditions experience higher adult mortality in
honeybees (Medrzycki et al., 2010) as well as stunted growth and
wrinkled wings in bumblebees (Heinrich, 2004). In a eusocial termite,
larvae are also more sensitive to high temperature than adults with a
2-3 °C lower CTmayx, in part attributed to the more constant thermal
environmental found in their subterranean nest (Mitchell et al., 1993).
The effects of temperature that exceed optimal nest conditions, how-
ever, are less explored. Cook et al. (2016) provide evidence that larvae
play an influential role in the thermoregulatory behaviours of adult
honeybees under elevated temperatures, thus indicating that the larval
stage of bee development is thermally sensitive and requires careful nest
thermoregulation by the colony. The numerous negative effects on
growth and development that result from fluctuations in nest tempera-
ture, illustrate that collective thermoregulation is vital for bee colonies
to maintain thermal stability within their nests.

Maintaining narrow Ty ranges involves collective thermoregulation.
When T, falls, bees facilitate conductive heat transfer towards their
abdomen pressed against brood clumps (see Heinrich, 2004, 1976)
resulting in incubation. An individual bumblebee queen incubating her
brood at temperatures 10 °C or lower have a metabolic rate similar to
free flight (see Heinrich 2004). For honeybees, colony metabolic rates
triple when temperatures drop from 30 °C to 20 °C, with bees forming
tight clusters to prevent dissipation of metabolic heat as T, cools (Kro-
nenberg and Heller, 1982). When T, rises, behavioural wing fanning acts
to reduce colony temperatures through evaporative and convective heat
loss (Heinrich, 2004; Vogt, 1986a). When T, rises above optimal values,
the incidence of honeybees fanning increases and individuals disperse to
facilitate heat loss; metabolic rates simultaneously tend to decrease as
temperatures approach 40 °C (Kronenberg and Heller, 1982). Small
bumblebee colonies (10-42 workers) exposed to temperature lower than
31 °C increased the incidence of incubation behaviour and colony
metabolic rate tripled below 10 °C (Vogt, 1986a). Temperatures above
optimal range resulted in higher percentages of workers fanning and a
20% increase in colony metabolic rate (Vogt, 1986a). The energetic
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burden of maintaining nest temperature in cold conditions is clear in
both groups, but the energetic implication of fanning remains unclear as
large honeybee colonies (1500-2500 workers) show no clear effect of
warm temperatures on colony metabolic rate (Kronenberg and Heller,
1982), and small bumblebee colonies (10-42 individuals in 2 colonies of
B. impatiens and 1 Bombus affinus) show a slight increase (Vogt, 1986a).
The size of the colonies and the conditions experienced (presence or
absence of insulation) may impact the energetic cost of coping with
warm environmental conditions.

This study’s main objective was to characterize the upper tempera-
ture tolerance limit of a eusocial endothermic poikilothermic insect,
B. impatiens, at the individual and colonial level. We first determined the
relative thermal tolerance of adult colony castes, also incorporating the
larval stage of development into our study to determine if a juvenile
stage may present as a thermally sensitive “weak link” when compared
to adults. Larvae are predicted to be more sensitive to high temperature
as observed in eusocial termites (Mitchell et al., 1993), and studies used
this developmental stage to successfully compare CTmax between ju-
venile and adult insects (e.g., Davison, 1969; Klok and Chown, 2001; Li
et al., 2019). Second, the energetic costs of thermoregulation for
typical-sized bumblebee colonies of 200 or more workers were
measured. The energetic cost of thermoregulation was predicted to rise
as T, deviates away from optimal T,. The presence of insulation on
colony thermoregulation was also investigated as small colonies better
maintained T, in such conditions (Vogt, 1986b). The success of colony
thermoregulatory efforts in maintaining T, was monitored by measuring
the nest temperature amongst the brood clumps.

2. Methods
2.1. Bee colonies and holding conditions

The Common Eastern bumblebee, Bombus impatiens, is a native un-
derground nesting species with a wide North American distribution
(Colla et al., 2014). Commercial colonies of this species were purchased
from Biobest Canada Ltd. (Leamington, ON, Canada) to use in both
CTmax and whole-colony thermoregulation experiments. All colonies
were contained in the supplier’s housing boxes in a room maintained at
approximately 25 °C on a 12 h:12 h light:dark photoperiod. BIOGLUC®
sugar solution from the supplier was available ad libitum to colonies and
pollen was provided every second day. Individuals used in CTmax ex-
periments were sampled randomly from multiple colonies housed within
the lab. An additional ten colonies were used specifically for
whole-colony respiration testing (see supplementary material for
details).

2.2. Individual CTmax

CTmax was determined using the thermolimit respirometry method
(Lighton and Turner, 2004). Mature individual workers, progeny drones
and queens, as well as similar-sized late instar larvae that were removed
from individual pollen cells (see supplementary material for details),
were collected from multiple colonies maintained in the laboratory and
weighed on an analytical balance prior to being transferred into a 20 ml
glass respirometry chamber. The potential effect of colony was tested for
a subset of individuals where no effect was found and not further
considered in the analyses (supplementary material). The chamber was
placed in an activity detector to monitor bee movements via infrared
detection [AD-1; Sable Systems International (SSI), Las Vegas, NV, USA],
which in turn, was contained within a temperature-controlled cabinet
(PTC-1, SSI). A copper coil was used to allow incurrent air from the
flow-through respirometry system to equilibrate with the temperature
inside the cabinet prior to entering the respirometry chamber. A FOX-
BOX Respirometry System (SSI) was used to push air, scrubbed free of
water using a drierite column, at a rate of approximately 50 ml min ..
The CO2 production rate of the animal was measured.
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A temperature ramping protocol was used to identify CTmax and
each adult bee was subjected to the following temperature sequences
using a PELT-5 temperature control unit (SSI): a 20 min soak period at
25 °C to allow the bee to equilibrate within the respirometer; a ramping
period of 0.25 °C min~! until a maximum of 56 °C was reached; a
subsequent soak period at 56 °C for 25 min; a final ramping phase to
reduce temperature by 2.0 °C min~'. The total ramping protocol elapsed
for 190 min. Thermolimit respirometry was also used to determine
CTmax of larvae where movement could also be detected using the AD-1
infrared detector. Larvae were not as active as adults and a 10-min initial
equilibrium phase was used. Respirometry, temperature and activity
outputs were obtained using an analog to digital converter (UI2, SSI)
and acquired using Expedata (SSI). Activity and respiratory CTmax were
estimated using the absolute difference sums (ADS) method described by
Lighton and Turner (2004). This approach led to difficulties identifying
respiratory CTmax of adult castes (see also Vorhees and Bradley, 2012
and supplementary material for details and examples), so we used an
alternative approach, the cessation of spiracular activity (CSA), known
to yield indistinguishable CTmax values in other insect species (Vorhees
and Bradley, 2012). For larvae, only activity CTmax could be deter-
mined as respirometry traces did not provide the usual cues (see sup-
plementary material); activity CTmax is commonly used to determine
larval thermal tolerance (Cooley et al., 2016; Li et al., 2019; Mitchell
et al., 1993). Furthermore, given that respiratory- and activity- CTmax
(Kovac et al., 2014; Lighton and Turner, 2004; Vorhees et al., 2013) or
CTmin (MacMillan et al., 2012) are highly correlated and not signifi-
cantly different, we are confident that activity-CTmax alone remains a
relevant metric for quantifying larval thermal tolerance.

2.3. Whole-colony thermoregulation

Five colonies were used for experiments where the insulating cotton
batten supplied with the colony was removed for visual observation of
the colony after each experiment. Removing the insulation disturbed the
nest and colonies were allowed two weeks to recover. An additional set
of five colonies were used with the insulating cotton batten remaining in
place. These colonies were used for the experiment five days after arrival
to obtain colonies approximately the same size of those used for the
uninsulated group. Colonies sizes were measured after experimentation
and averaged 316 + 17 (SE) workers each.

To record internal nest temperature, a thermochron iButton®
(iButtonLink Technology, Whitewater, WI, USA) was placed among the
brood cells with developing larvae on the day of experimentation for
uninsulated colonies. For insulated colonies, this was done on the day of
delivery to minimize the disturbance to the hive. Internal colony tem-
perature was sampled at 2-min intervals for the duration of the
experiment.

The metabolic rate of the colony containing both adults and brood
was measured using flow-through respirometry. A single colony within
its housing container and accompanying sugar solution was placed in a
30 L plexiglass chamber. Air was pulled from the chamber using a total
of three pumps connected in parallel: two SS-3 Gas Analyzer Sub-
samplers (SSI) with flow rates of approximately 2 L min~! and one
FlowBar 8 Multichannel Mass Flow Meter (SSI) with a flow rate of
approximately 2.5 L min~'. Outflow was then combined, totalling be-
tween 6 and 6.6 L min’l, which was confirmed using a rotameter, and
subsampled at 0.2 L. min ! to analyze CO, concentration (ppm) using Li-
7000 CO2/H20 analyzer (LI-COR, Inc. Lincoln, NE, USA).

Temperature treatments were obtained by placing the respirometry
chamber containing the bee colony within a temperature-controlled
incubator (VWR International). Each single colony underwent 6 tem-
perature treatments, one temperature per day, in the following
sequence: 25, 5, 35, 15, 30 and 40 °C. This sequence was chosen to vary
the degree of thermal challenge from day to day, ending with the most
challenging treatment at 40 °C that induced damage to the colony. The
temperature was held constant for a total of 4 h during respirometry
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measurements. The first 60 min of each measurement were considered
an equalization period for colonies to adjust to experimental conditions
and was not included in the analysis. Following the 40 °C treatment, the
entire colony was sacrificed by placing it in a —80 °C freezer, the number
of workers were counted and their total mass measured.

Respirometry measurements were collected using Expedata Analysis
Software (SSI) and colony metabolic rate was expressed as the rate of
CO,, production per gram (VCO, ml hr'g™1). Colony metabolic rate was
expressed as the maximum rate corresponding to the 10 min period with
the highest CO5 production, in addition to the average colony metabolic
rate per hour over the last 3-h of measurement. Average T, was calcu-
lated over the last 3-h of measurement as well.

2.4. Data analysis

Statistical analyses were performed using R (R Core Team, 2014) and
values are reported as mean + standard error of the mean. Differences in
CTmax measurements among castes were tested using ANCOVAs with
body mass as a covariate. The final model presented in the results was
simplified by first removing the non-significant interaction term. The
simplified model including castes and body mass had non-normally
distributed residuals that could not be resolved using data trans-
formations. We confirmed that body mass had no effect on CTmax
within each caste through linear regressions and further removed this
term from the model. The effect of castes on CTmax was finally tested
using a nonparametric Kruskal-Wallis test given that the normality
assumption could not be met. The difference in between activity and
respiratory CTmax was determined using the Wilcoxon signed-rank
exact test.

Whole-colony data analyses were conducted using the lme4 and
ImerTest packages (Bates et al., 2015; Kuznetsova et al., 2017) to
perform linear mixed models. To accommodate the assumptions of
normality and homogeneity of variance, maximum and mean hourly
colony metabolic rate were log-transformed, while nest temperature was
raised to the third power. Linear mixed models were conducted to test
for differences in colony maximum metabolic rate and nest temperature
using the REML estimation method where colonies were considered as a
random variable and ambient temperature and insulation factor were
fixed effects. Mean hourly metabolic rate was also tested for changes
over time where hour (1st, 2nd and 3rd) was further added as fixed
effect in the model. Tukey pairwise comparisons were performed for
each analysis.

3. Results
3.1. Bumblebee caste CTmax

Activity-CTmax differed between adults and larvae (Kruskal-Wallis
X2 = 31.767, df = 3, P < 0.001; Fig. 1A) with higher activity-CTmax for
adult castes (drone: 45.65 + 0.37 °C (n = 21), queen: 46.39 & 0.32°C (n
=19), worker: 46.19 + 0.14 °C (n = 21) and approximately 2.5 °C lower
for larvae (43.44 + 0.32 °C (n = 20)). Adult casts did not differ in
activity-CTmax values (P > 0.648), and they were all significantly
higher than larvae (P < 0.001).

Respiratory-CTmax that could be determined for workers, drones
and queens was found to be significantly influenced by caste (Kruskal-
Wallis Xz = 9.4371, df = 2, P < 0.001; Fig. 1B) where drones (47.18 +
0.27 °C) had significantly higher respiratory-CTmax compared to
workers (46.53 + 0.13 °C; P = 0.008) but not to queens (46.57 +
0.27 °C; P = 0.128). Respiratory-CTmax was greater than activity-
CTmax in drones (Z = 3.98, P < 0.001) and workers (Z = 3.98, P <
0.001), but not for queens (Z = 0.282, P = 0.78).

3.2. Whole-colony thermoregulation

The mean number of individuals in colonies measured at the end of
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the experiment differed between the uninsulated colonies averaging 284
=+ 15 workers and the insulated colonies with an average of 348 + 22
workers (t (7.17) = 2.44, P = 0.044). This difference in size was due to
one colony that was substantially larger than the other colonies with 404
individuals; analysis conducted without this large colony show no dif-
ference between groups (t (5.71) = 1.93, P = 0.105). All further analyses
were done both with and without this large colony to assess its influence
on the results.

Maximum colony metabolic rate was affected by T, and the presence
of insulation in the colony (Fig. 2; Ta: Fs 45 = 16.88, P < 0.001; insu-
lation: F1 g = 6.24, P = 0.037); the interactive effect between T, and
insulation was not significant and was removed from the model. The
maximum metabolic rate of insulated colonies was approximately 15%
lower than uninsulated colonies (P = 0.037). When comparing the
maximum metabolic rate of colonies at the various T, (Fig. 2), the lowest
values were observed at 25 °C and 30 °C and did not differ from one
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another (P = 0.927). As T, decreases from 25 °C down to 5 °C and 15 °C,
the maximum metabolic rate increased by approximately 26% and 31%,
respectively (P < 0.001). Similarly, when T, rose from 30 °C up to 35 °C
and 40 °C, the maximum metabolic rate also increased by around 22%
and 36%, respectively (P < 0.001). The absence of the large, insulated
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Fig. 2. Ambient temperature affects the colony
metabolic rate of insulated and uninsulated
B. impatiens colonies. Flow-through respirometry was
used to assess the maximum metabolic rate of insu-
lated and uninsulated bumblebee colonies during a 3-
h exposure to various ambient temperatures (T,).
Colony metabolic rate increased significantly above
and below T, of 25 and 30 °C (P < 0.005). Metabolic
rates differed between T, groups (n = 10) which do
not share letters (a—d). Colonies with insulation have
lower colony metabolic rate (P=0.037). Boxplots
each represents percentiles, with the black bar across
indicating the median value. Also present are the in-
dividual data points for each colony tested.

colony did not alter the overall statistical outcome of maximum colony
metabolic rate (T, Fs 49 = 13.815, P < 0.001; insulation factor: Fy 7 =
6.39, P = 0.039).

The average hourly metabolic rate of the colonies showed a signifi-
cant interaction between the temperature treatment and the hour

Ambient Temperature (°C)

40

Fig. 3. Colony metabolic rate changes over the
duration of exposure at high ambient temperature in
B. impatiens. Flow-through respirometry was used to
assess the metabolic rate of whole bumblebee col-
onies during a 3-h exposure to various ambient tem-
peratures (T,). At 30 °C and below, colony metabolic
rate varies little if at all over the 3-h exposure period
(15 °C, P = 0.044; 30 °C, P = 0.002). At a high T, of
35 °C, colony metabolic rate increases during each
hour of exposure (P < 0.001), whereas at 40 °C,
colony metabolic rate is initially elevated but de-
creases after each hour of exposure (P < 0.001).
Significant differences between hours are presented
with the letters a to ¢ within each temperature group.
Boxplots represent percentiles with the black bar
across signalling the median value. Also present are
the individual data points for each colony tested. A
sample size of n = 10 colonies was used for each
group.
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measured, and the presence of insulation was not significant and
removed from the model (Fig. 3; Ta: F5 9 = 31.47, P < 0.001; hour: Fa 108
= 0.51, P = 0.603; T, x hour: Fig10s = 40.37, P < 0.001). At T, of
5-30 °C, there were small differences in the metabolic rate over the
three consecutive hours of measurement (15 °C, 1st to 3rd hour: P =
0.044; 30 °C, 1st to 3rd hour: P = 0.002). Larger changes were observed
for colonies exposed to 35 °C, where it increased by 17% from the 1st to
the 2nd hour (P < 0.001), and 19% from the 2nd to 3rd hour (P < 0.001).
Colonies exposed to 40 °C showed a continuous decline in metabolic rate
falling by 17% from the 1st to 2nd hours (P < 0.001) and 12% from the
2nd to 3rd hours (P < 0.001). Removing the large, insulated colony from
analysis did not change the overall results for hourly metabolic rate (T,:
Fs136 = 52.125, P < 0.001; hour: Fy 135 = 0.1393, P = 0.870; T,-hour:
F10,136 = 6.593, P < 0.001).

Ambient temperature, T,, and insulation had a significant effect on
nest temperature, Ty, (Fig. 4; Ta: F5 53 = 106.852, P < 0.001; insulation:
F1,53 = 4.409, P = 0.041); but the interactive effect between T, and
insulation was not significant and removed from the model. Despite a
significant overall effect, pairwise analysis revealed that mean T, of
insulated colonies was not different from uninsulated colonies (P =
0.069). Excluding the large, insulated colony from the analysis slightly
altered the statistical outcomes of colony T, where the overall effect of
insulation on T, became insignificant (T,: F547 = 91.882, P < 0.001;
insulation: Fy 47 = 2.431, P = 0.126). Examining T, between various T,
conditions, it did not differ between 15, 25 or 30 °C with T, of 32.3, 32.0
and 33.0 °C, respectively (P > 0.05); these temperature values falling
within the range of optimal Ty, (Fig. 4). When T, was reduced to 5 °C, T,
declined by approximately 3.0 °C when compared to T, at 30 °C (P <
0.001). At T, of 35 °C and 40 °C, T, increased by 2.0 °C and 6.9 °C,
respectively (P < 0.003). At 35 °C, both insulated and uninsulated col-
onies experienced T, that was dependent on the hour of measurement
(uninsulated, hour: Fg = 53.51, P < 0.001; insulated, hour: Fyg =
151.40, P < 0.001) where T, increased over each hour of exposure (P <
0.001) for a total increase from the first to the third hour of 1.5 and
1.9 °C, respectively. Similarly, at 40 °C, T;, was also dependent on hour
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(uninsulated, hour: Fo g = 317.79, P < 0.001; insulated, hour: Fog =
73.53, P < 0.001) where T, increased by 1.5 and 1.8 °C, respectively.

4. Discussion

Current efforts attempt to relate physiological thermal limits of
species with their thermal environment and ultimately geographical
distribution. However, for social endothermic poikilotherms, such as
bumblebees, understanding their response to thermal variation within
the environment involves investigation into both individual- and
colony-level thermal tolerance. The present study first assessed the acute
upper thermal tolerance limits of B. impatiens castes and developmental
stages in order to identify which members of a colony were the most
thermally sensitive. We show that adult castes have similar CTmax and
the larvae are the most sensitive, highlighting the importance of T,
regulation. The energetic costs of nest thermoregulation for peak-season
sized colonies increase as T, decreased and increased away from optimal
T, range, the presence of insulation reducing those costs. At high T,,
colony metabolic rate changed substantially over time indicating chal-
lenges in thermoregulating. Colonies experiencing high T, failed to
regulate T, that increased to T,. Together, we here show the central
challenges of regulating nest temperature at high environmental tem-
perature and protecting the thermally sensitive larvae.

4.1. Bumblebee caste CTmax

The activity-critical thermal maximum of B. impatiens, more specif-
ically the temperature at which muscular control was lost, was found to
be on average 46.03 + 0.18 °C for adults. The respiratory-CTmax
showed very similar values, although slightly higher for workers and a
more pronounced difference observed for drones. For the larval devel-
opmental stage, only activity-CTmax could be determined and larvae are
more susceptible to high temperature than adults with CTmax values
approximately 2.5 °C lower. These findings for adults are consistent with
a previous study that determined B. impatiens workers to have a CTmax

Fig. 4. Nest temperature of B. impatiens colonies,
with and without insulation, exposed to various
ambient temperatures. Nest temperature (T,) repre-
sents the average temperature maintained by
B. impatiens colonies calculated across a 3-h exposure
period to various ambient temperatures (T,) for un-
insulated (n = 5) and insulated (n = 5) colonies. An
° optimal Ty, of 30-33 °C (see section 1), represented by
the horizontal shaded area on the graph, is achieved
for colonies exposed to 30 °C and below. At T, which
exceed this idea range (35 °C and 40 °C), T, rose to
ambient, being significantly higher than T, achieved
at 30 °C in both cases (P < 0.003). Insulated colony
T, was not significantly different than uninsulated T,
(P = 0.069). Boxplots each represent percentiles, with
the black bar across indicating the median value. Also
present are the individual data points for each colony
tested. Nest temperature means which differ between
T, groups who do not share letters (a-d).

Insulation

E no
EI yes

5 15 25 30 35
Ambient Temperature (°C)

40
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of 46.07 °C using the righting response technique (Hamblin et al., 2017).
Conversely, other works found differing values for this species, ranging
from 50 to 53 °C for workers and queens when using the onset of spasm
methodology (Maebe et al., 2021; Oyen and Dillon, 2018). The meth-
odology used to determine thermal limits, including the method of
assessing end-point temperature (e.g., thermolimit respirometry, onset
of spasms or righting response) and ramping rate, is well known to affect
the values obtained (see Gonzalez et al., 2020; Lighton and Turner,
2004; Terblanche et al., 2007), yet the merit of CTmax testing lies within
the relative differences observed between individuals or groups tested.
For example, the lack of difference in CTmax observed between workers
and queens has also been reported on other species of bumblebees
(Maebe et al., 2021), while neither age of the adult, mass, feeding or
acclimation temperature significantly alter the temperatures which bees
are capable of tolerating (Gonzalez et al., 2020; Oyen and Dillon, 2018).
Having multiple metrics of CTmax also appears useful to detect the
central emerging patterns as different measures sometimes yield slightly
different outcomes such as drones that differ from workers for
respiratory-CTmax but not when activity-CTmax is used. Furthermore,
interspecific comparisons show that bees which nest in cavities have
lower thermal tolerances versus species that nest in stems or in the
ground (Hamblin et al., 2017), indicating that the thermal conditions
experienced help govern insect thermal tolerance, just as low altitude
species and populations of bees have been found to possess higher upper
thermal limits than those found at higher elevations (Gonzalez et al.,
2020; Oyen et al., 2016). Not only that, but CTmax also demonstrates
predictive power for determining insect responses to warming both
experimentally and within communities (Diamond et al., 2012; Hamblin
et al., 2017) providing support for its relevance in understanding spe-
cies’ responses to environmental thermal challenges.

Baudier and O’Donnell (2017) indicate that most studies do not ac-
count for the negative effects temperature poses on the most thermally
sensitive members of insect colonies and call for an inclusion of minimal
thermal tolerance when considering a species’ vulnerability to thermal
stress. This “weak link” hypothesis is discussed in the context of worker
castes only, but it is also important to consider additional castes or
developmental stages as potential weak links within a species. Previous
works review how juvenile, young adults and senescent insects differ in
their thermal tolerance ranges (Bowler and Terblanche, 2008), empha-
sizing the importance of also including juveniles within studies on social
insect thermal tolerance. Larvae have previously been used to compare
the thermal tolerance of a juvenile stage to that of adults. For example,
kelp fly larvae are more heat tolerant likely due to limited behavioural
response to temperature resulting from restricted mobility (Klok and
Chown, 2001). Similarly, wood wasp larvae are more tolerant than
adults due, in part, to their emergence time during the year (Li et al.,
2019). In contrast, the beetle larvae studied in Vorhees and Bradley
(2012), demonstrate similar heat tolerances as pupae, yet both life
stages are less tolerant than adults, potentially in response to the
microclimate conditions experienced during each life stage. The reduced
thermal tolerance of larvae observed in subterranean species such as
termites may also be reflecting the nest microclimate conditions
(Mitchell et al., 1993). Thus, in social hymenopterans, where colonies
care for offspring and create an ideal thermal microclimate within the
nest, larvae represent a vulnerable stage in the life cycle of species like
the bumblebees tested within our study, and additional developmental
stages should be included for a comprehensive assessment of the “weak
links” of the species. As such, colony thermoregulation is vital in the
protection of thermally sensitive larvae, but its associated costs and
success are dependent on the T, encountered.

4.2. Whole-colony thermoregulation
4.2.1. Maximum whole-colony energy expenditure

The energy expenditure of colonies of B. impatiens of sizes corre-
sponding to peak season increases as T, deviates away from the range of
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optimal Ty, at both the lower and upper thermal extremes. Colonies that
experience 25 °C and 30 °C are within or near the range of optimal T,
and have the lowest colony metabolic rate as they likely expend less
thermoregulatory effort to maintain nest conditions. This is consistent
with the findings of Vogt (1986a) using small colonies of two bumblebee
species.

The change in energy expenditure of bee colonies is likely attributed
to increased incidence of behaviours associated with communal ther-
moregulation, especially when exposed to low temperatures. Honeybees
cluster to incubate as T, drops, elevating colony energy expenditure
(Kronenberg and Heller, 1982). In bumblebees, a 50-80% incidence of
incubation was reported when T, dropped below 20 °C, accompanied by
an approximately 3-fold increase in energy consumption as T, reached
3 °C (Vogt, 1986a). In comparison, our larger colonies experienced an
increase in metabolic rate of 1.3-1.5 times when T, fell to 5-15 °C. Thus,
colony size probably has a strong influence on the cost of thermoregu-
lation and remains to be studied systematically. Our study using colonies
of over 200 workers shows a reduced cost compared with Vogt (1986a),
indicating the likely importance of thermal conductance with more in-
dividuals thermoregulating and possibly clustering at low temperatures
(Riviere, 2012). Furthermore, insulated colonies had overall reduced
metabolic rates in comparison to colonies lacking insulation. In colder
conditions, insulation likely reduces heat loss and colony energy
expenditure associated with thermogenesis.

High T, also poses an energetic challenge and colonies expend more
energy in such conditions, which may in part be due to mechanisms
mobilized to dissipate excess heat. Our large colonies demonstrated a
22-36% increase in energy expenditure when T, was greater than 30 °C.
Vogt (1986a) also described a 20% elevation in metabolic rate when T,
rose from 31 to 39 °C. At T, of 35 and 40 °C, T, increases and reaches T,
which can impact the resting metabolic rate of individuals that cannot
regulate their body temperature, such as developing brood. The eleva-
tion in resting metabolic rate with temperature documented in the
honeybee shows that it is not straightforward and linear (Kovac et al.,
2007), but using a simple linear Q10 effect of 2-3 to approximate the
impact of increased temperature predicts that larvae going from 33 to
35 °C would lead to a 20-30% increase in metabolic rate. This propor-
tional increase coincides with the elevation in colony metabolic rate
observed, but the presence of a large number (>200) of endothermic
workers in our colonies must, to some extent, contribute to the increased
colony metabolic rate. Small bumblebee colonies will allocate between
20 and 100% of their adult workforce towards the fanning behaviour
(Vogt, 1986a) in an attempt to thermoregulate the nest. The fanning
behaviour involves flight muscle contraction that can generate heat as a
by-product and contribute to temperatures experienced within the col-
ony. Stabentheiner et al. (2021) showed the complex and dynamic
changes observed in colonial thermoregulation in large honeybee col-
onies, where at high T, (40 °C) many workers leave the nest to reduce
overall heat production. The contribution of fanning to the colony en-
ergy expenditure should be assessed further to evaluate the temperature
range at which it is most effective where heat dissipation is greater than
the heat gain associated with muscle contraction.

Colonies exposed to high T, exhibit changes to their energy expen-
diture over time, pointing to the importance of fanning behaviour
engaged by adults. When exposed to 35 °C, a temperature slightly above
optimal Ty, colonies increase their metabolic rate over a 3-h period
(Fig. 3). In contrast, the highest tested temperature of 40 °C, imposes a
cost that does not appear sustainable because colony metabolic rate
decreases over time. Our results coincide with observations in the
literature where fanning incidence in honeybee and bumblebee colonies
increases at temperatures that exceed 30 °C (Kronenberg and Heller,
1982; Vogt, 1986a). The recruitment of fanners occurs when individual
worker thermal thresholds are surpassed for the behaviour to initiate.
When heated to 30 °C, B. terrestris exhibit thresholds between 27 and
28.7 °C (Weidenmiiller, 2004), yet individuals may each have differing
thermal triggers, resulting in either an immediate or delayed response
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(Jandt and Dornhaus, 2014). The increase in metabolic rate over time
observed at 35 °C for our colonies may be indicative of more individual
thresholds being triggered as the thermal threat persists. Accordingly,
workers were observed vigorously fanning at the end of 35 °C trials.
Nonetheless, this is confounded by the concurrent increase in nest
temperature also observed over the 3-h measurement period that may
affect the brood metabolic rate. The contrasting pattern observed at
40 °C, where T}, also rose gradually over the 3-h period, helps evaluate
the contribution of fanning to the whole-colony energy expenditure.
Despite the gradual increase in T,, the whole-colony metabolic rate
decreases gradually. A large number of individuals likely reached their
thermal thresholds early, coinciding with initial high metabolic rates
within the first hour. As T, of 40 °C persisted, the hive structures sus-
tained heat damage with workers abandoning their fanning behaviour
and attempting to leave the nest box, thus decreasing the colony meta-
bolic rate over time. This reduction in colony metabolic rate over time,
despite an increase in T, over the same period, supports the contribution
of the fanning behaviour to the colony energy expenditure. The T,
encountered which matched the T, of 40 °C, appears beyond the ca-
pacity of collective thermoregulation and is approaching the thermal
limits of larvae found via activity-CTmax.

Bumblebee workers in a colony collectively act as a superorganism to
thermoregulate T, for the larvae, incurring energetic costs. When sub-
jected to various T, conditions, colony metabolic rates create a pattern
that is reminiscent of vertebrate endothermic homeotherms. The
optimal T, range of colonies resembles the thermoneutral zone where
the metabolic costs to regulate body temperature is minimal. For the
present study, this range corresponds to 25-30 °C where the lowest
metabolic rates were observed. Below the thermoneutral zone, endo-
thermic homeothermic animals must increase metabolic rates to main-
tain body temperature. The increase in energy expenditure above the
25-30 °C thermoneutral zone can be due to the combined effects of
increased nest temperature on ectothermic individuals within the col-
ony, mostly the brood, but also mechanisms mobilized to thermoregu-
late, such as fanning. The changes in colony metabolic rate observed
over the 3-h measurement period suggest that fanning contributes to the
observed increase in energy expenditure at 35 and 40 °C. The increase in
colony metabolic rate over consecutive hours at 35 °C is more sub-
stantial than the increase in nest temperature observed over the same
period, suggesting greater investment in fanning efforts. Furthermore, at
40 °C there is also an increase in nest temperature over the three
consecutive hours of measurements, but colony metabolic rate shows a
decrease over the same time period, indicating that colony metabolic
rate is decoupled from nest temperature. We therefore suggest that a
large part of the increased energy expenditure at 35 and 40 °C is asso-
ciated with the fanning behaviour. These comparisons highlight the
importance of social cooperation in bee colonies, especially in consid-
eration of the apparently vulnerable larvae within the nest.

4.2.2. Internal colony nest temperature

Overall, bumblebee colonies were successful at maintaining T;, when
acute thermal challenges did not exceed that of optimal T, 30-33 °C
(B. impatiens 28-32°C, Vogt 1986a; Bombus lapidarius 31.7 + 1.0 °C,
Schultze-Motel, 1991; B. terrestris 32.3 4+ 0.4°C, Weidenmuller et al.,
2002). At 25 and 30 °C, optimal T, was achieved with the least energetic
effort, while at 5 °C and 15 °C, this energetic cost rose due to incubation
efforts as workers attempted to buffer against a drop in T,,. The capacity
of B. impatiens colonies to maintain optimal T, at low T, further exem-
plifies how robust bumblebees are against low T,. For example, the
arctic species (Bombus polaris) possess exceptional thermoregulatory
capacities that enable colonies to maintain Ty at 35 °C when T, falls to
7.5-11 °C in the summers (Richards, 1973).

The presence of insulation also had an overall effect on T, where
insulated colonies were about half a degree warmer than uninsulated
colonies, although this effect appears to be largely influenced by one
larger colony in our study. Nevertheless, other work shows a reduced T,
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value in the absence of insulation and also a reduced number of workers
and drones by the end of their lifecycles (Vogt, 1986b). Moreover,
insulation clearly lowers the overall energetic costs of thermoregulation,
reducing the incidence of brood incubation necessary for maintaining Ty
(Vogt, 1986b). Our study simulates surface or aboveground nests with
and without insulation. Underground nesting sites appear to be the most
common across subgenera of bumblebees, including being the preferred
nesting strategy of B. impatiens (Colla et al., 2014), though surface-level
and aboveground nests are also frequented in both wild and artificial or
human-made nest sites (Liczner and Colla, 2019). Simulating above-
ground nesting sites also holds relevance given that bumblebees, like the
B. impatiens colonies used in our study, are commercially available for
use in greenhouse and garden pollination (Velthuis and Van Doorn,
2006). Nests located aboveground experience wider fluctuations in T, as
demonstrated in a study on B. impatiens using empty, artificial nests
(Mullan, 2022), and choosing a thermally optimal nesting site implies
success in the rearing of bee offspring (Potts and Willmer, 1997; Vick-
ruck and Richards, 2012; Wuellner, 1999). Therefore, understanding
how colonies may buffer temperature fluctuations, which can vary
widely according to colony size and species (Gradisek et al., 2023),
provides insight into whole-colony responses to thermal stress in com-
mon nesting locations. On the other hand, high T, impedes a bumblebee
colony’s ability to maintain optimal T,. At 35 and 40 °C, T, was
equivalent to T,, demonstrating that the high energetic costs associated
with these temperatures do not result in successful thermoregulation.
Similarly, Vogt determined that despite over 50% of the available
workforce fanning within small colonies, optimal T, could not be
maintained and was consistently 1-2 °C higher than T, between 33 and
39 °C. As such, fanning efforts cannot successfully dissipate sufficient
heat through evaporative or convective means to lower Ty, ultimately
posing potential consequences to the individuals within a colony.

5. Conclusions

The present study, as well as previous works investigating the
physiological and behavioural consequences of changes in T, and Ty,
underscore the importance of understanding how both individuals and
colonies respond to varying thermal conditions. Responses to tempera-
ture differ between individuals and the colony superorganism. The
lower thermal tolerance found for larvae, emphasize the need for col-
onies to thermoregulate against changes within the thermal environ-
ment, however, thermal challenges where T, rises above optimal, may
prove to be energetically costly and unsustainable for colonies. Sus-
tainability comes into question when considering that thermal stress
decreases brood maintenance (Vogt, 1986a) and negatively impacts
foraging activity (e.g., Hemberger et al., 2023; Kwon and Saeed, 2003),
leaving fewer individuals available for these essential tasks. Given that
both nutritional and thermal stress leads to reduced colony growth
(Vanderplanck et al., 2019), elevated energetic costs under high T, in
addition to the inability to successfully thermoregulate at high tem-
peratures, may result in additional strain on colonies reducing growth or
causing colony failure if thermally challenging conditions persist over
longer periods of time.

Authors’ contributions

Conceptualization: T.B., C.-A.D.; Data curation: T.B., C.-A.D.; Formal
analysis: T.B., C.-A.D.; Funding acquisition: C.-A.D., J.T.K.; Investiga-
tion: T.B.; Methodology: T.B., C.-A.D.; Project administration: C.-A.D.;
Resources: C.-A.D., J.T.K.; Supervision: C.-A.D., J.T.K.; Visualization:
T.B.; Writing — original draft preparation: T.B, C.-A.D.; Writing — review
and editing: T.B., C.-A.D., J.T.K.

Funding

This work was supported by a Natural Sciences and Engineering



T. Bretzlaff et al.

Research Council of Canada Discovery Grants awarded to C.-A.D.
(RGPIN-2014-03584) and J.T.K. (RGPIN-2017-06008); T.B. was sup-
ported by a B1X Scholarship provided by the Fonds de Recherche du
Québec — Nature et technologies (FRQNT).

Declaration of competing interest
The authors declare that they have no competing interests.
Acknowledgements

We would like to thank Laurence Lecavalier and Mireille Cardinal,
who helped collect CTmax data as well as the additional lab members
who participated in colony maintenance including Zoé Perkins, Ariane
Rondot, Nadia Stec, and Jamie Thompson. The comments and sugges-
tions from two anonymous reviewers helped improve the article.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jtherbio.2023.103710.

References

Addo-Bediako, A., Chown, S.L., Gaston, K.J., 2000. Thermal tolerance, climatic
variability and latitude. Proc. R. Soc. B Biol. Sci. 267, 739-745. https://doi.org/
10.1098/rspb.2000.1065.

Amundrud, S.L., Srivastava, D.S., 2020. Thermal tolerances and species interactions
determine the elevational distributions of insects. Global Ecol. Biogeogr. 29,
1315-1327. https://doi.org/10.1111/geb.13106.

Barrow, D.A., Pickard, R.S., 1985. Larval temperature in brood clumps of Bombus
pascuorum (SCOP.). J. Apicult. Res. 24, 69-75. https://doi.org/10.1080/
00218839.1985.11100651.

Bates, D., Méchler, M., Bolker, B.M., Walker, S.C., 2015. Fitting linear mixed-effects
models using Ime4. J. Stat. Software 67, 1-48. https://doi.org/10.18637/jss.v067.
i0l.

Baudier, K.M., O’'Donnell, S., 2017. Weak links: how colonies counter the social costs of
individual variation in thermal physiology. Curr. Opin. Insect Sci. 22, 85-91.
https://doi.org/10.1016/j.cois.2017.06.004.

Berrigan, D., Hoffmann, A.A., 1998. Correlations between measures of heat resistance
and acclimation in two species of Drosophila and their hybrids. Biol. J. Linn. Soc. 64,
449-462. https://doi.org/10.1006/bijl.1998.0232.

Bowler, K., Terblanche, J.S., 2008. Insect thermal tolerance: what is the role of ontogeny,
ageing and senescence? Biol. Rev. 83, 339-355. https://doi.org/10.1111/j.1469-
185X.2008.00046.x.

Calosi, P., Bilton, D.T., Spicer, J.I., Votier, S.C., Atfield, A., 2010. What determines a
species’ geographical range? Thermal biology and latitudinal range size
relationships in European diving beetles (Coleoptera: dytiscidae). J. Anim. Ecol. 79,
194-204. https://doi.org/10.1111/j.1365-2656.2009.01611.x.

Clusella-Trullas, S., Blackburn, T.M., Chown, S.L., 2011. Climatic predictors of
temperature performance curve parameters in ectotherms imply complex responses
to climate change. Am. Nat. 177, 738-751. https://doi.org/10.1086/660021.

Colla, S.R., Williams, P.H., Thorp, R.W., Richardson, L.L., 2014. Bumble bees of North
America. Bumble Bees of North America. https://doi.org/10.1515/9781400851188.
Princeton University Press.

Cook, C.N., Durzi, S., Scheckel, K.J., Breed, M.D., 2016. Larvae influence
thermoregulatory fanning behavior in honeybees (Apis mellifera L.). Insectes Soc.
63, 271-278. https://doi.org/10.1007/s00040-016-0463-5.

Cooley, N.L., Emlen, D.J., Woods, H.A., 2016. Self-heating by large insect larvae?

J. Therm. Biol. 62, 76-83. https://doi.org/10.1016/j jtherbio.2016.10.002.

Corbet, S.A., Fussell, M., Ake, R., Fraser, A., Gunson, C., Savage, A., Smith, K., 1993.
Temperature and the pollinating activity of social bees. Ecol. Entomol. 18, 17-30.
https://doi.org/10.1111/j.1365-2311.1993.tb01075.x.

Davison, T.F., 1969. Changes in temperature tolerance during the life cycle of Calliphora
erythrocephala. J. Insect Physiol. 15, 977-988. https://doi.org/10.1016/0022-1910
(69)90138-3.

Diamond, S.E., Nichols, L.M., McCoy, N., Hirsch, C., Pelini, S.L., Sanders, N.J., Ellison, A.
M., Gotelli, N.J., Dunn, R.R., 2012. A physiological trait-based approach to
predicting the responses of species to experimental climate warming. Ecology 93,
2305-2312. https://doi.org/10.1890/11-2296.1.

Gonzalez, V.H., Hranitz, J.M., Percival, C.R., Pulley, K.L., Tapsak, S.T., Tscheulin, T.,
Petanidou, T., Barthell, J.F., 2020. Thermal tolerance varies with dim-light foraging
and elevation in large carpenter bees (Hymenoptera: apidae: Xylocopini). Ecol.
Entomol. 45, 688-696. https://doi.org/10.1111/een.12842.,

Gradisek, A., Bizjak, J., Popovski, A., Grad, J., 2023. Bumble bee nest thermoregulation:
a field study. J. Apicult. Res. https://doi.org/10.1080/00218839.2022.2164651.

Groh, C., Tautz, J., Rossler, W., 2004. Synaptic organization in the adult honey bee brain
is influenced by brood-temperature control during pupal development. Proc. Natl.
Acad. Sci. U. S. A 101, 4268-4273. https://doi.org/10.1073/pnas.0400773101.

Journal of Thermal Biology 117 (2023) 103710

Guo, F., Guénard, B., Economo, E.P., Deutsch, C.A., Bonebrake, T.C., 2020. Activity
niches outperform thermal physiological limits in predicting global ant distributions.
J. Biogeogr. 47, 829-842. https://doi.org/10.1111/jbi.13799.

Hamblin, A.L., Youngsteadt, E., Lopez-Uribe, M.M., Frank, S.D., 2017. Physiological
thermal limits predict differential responses of bees to urban heat-island effects. Biol.
Lett. 13, 20170125 https://doi.org/10.1098/rsbl.2017.0125.

Heinrich, B., 2004. Bumblebee Economics. Harvard University Press.

Heinrich, B., 1976. Heat exchange in relation to blood flow between thorax and abdomen
in bumblebees. J. Exp. Biol. 64, 561-585. https://doi.org/10.1242/jeb.64.3.561.

Heinrich, B., 1974. Thermoregulation in endothermic insects. Science. https://doi.org/
10.1126/science.185.4153.747.

Hemberger, J.A., Rosenberger, N.M., Williams, N.M., 2023. Experimental heatwaves
disrupt bumblebee foraging through direct heat effects and reduced nectar
production. Funct. Ecol. 37, 591-601. https://doi.org/10.1111/1365-2435.14241.

Herrando-Pérez, S., Monasterio, C., Beukema, W., Gomes, V., Ferri-Yanez, F., Vieites, D.
R., Buckley, L.B., Aratijo, M.B., 2020. Heat tolerance is more variable than cold
tolerance across species of Iberian lizards after controlling for intraspecific variation.
Funct. Ecol. 34, 631-645. https://doi.org/10.1111/1365-2435.13507.

Huey, R.B., Deutsch, C.A., Tewksbury, J.J., Vitt, L.J., Hertz, P.E., Pérez, HJA.,
Garland, T., 2009. Why tropical forest lizards are vulnerable to climate warming.
Proc. R. Soc. B Biol. Sci. 276, 1939-1948. https://doi.org/10.1098/rspb.2008.1957.

Jandt, J.M., Dornhaus, A., 2014. Bumblebee response thresholds and body size: does
worker diversity increase colony performance? Anim. Behav. 87, 97-106. https://
doi.org/10.1016/j.anbehav.2013.10.017.

Jones, J.C., Helliwell, P., Beekman, M., Maleszka, R., Oldroyd, B.P., 2005. The effects of
rearing temperature on developmental stability and learning and memory in the
honey bee, Apis mellifera. J. Comp. Physiol. A. Neuroethol. Sens. Neural. Behav.
Physiol. 191, 1121-1129. https://doi.org/10.1007/500359-005-0035-z.

Kerr, J.T., Pindar, A., Galpern, P., Packer, L., Potts, S.G., Roberts, S.M., Rasmont, P.,
Schweiger, O., Colla, S.R., Richardson, L.L., Wagner, D.L., Gall, L.F., Sikes, D.S.,
Pantoja, A., 2015. Climate change impacts on bumblebees converge across
continents. Science 349, 177-180. https://doi.org/10.1126/science.aaa7031.

Klok, C.J., Chown, S.L., 2001. Critical thermal limits, temperature tolerance and water
balance of a sub-Antarctic kelp fly, Paractora dreuxi (Diptera: helcomyzidae).

J. Insect Physiol. 47, 95-109. https://doi.org/10.1016/50022-1910(00)00087-1.

Kovac, H., Kafer, H., Stabentheiner, A., Costa, C., 2014. Metabolism and upper thermal
limits of Apis mellifera carnica and A. m. ligustica. Apidologie 45, 664-677. https://
doi.org/10.1007/5s13592-014-0284-3.

Kovac, H., Stabentheiner, A., Hetz, S.K., Petz, M., Crailsheim, K., 2007. Respiration of
resting honeybees. J. Insect Physiol. 53, 1250-1261. https://doi.org/10.1016/j.
jinsphys.2007.06.019.

Kronenberg, F., Heller, H.C., 1982. Colonial thermoregulation in honey bees (Apis
mellifera). J. Comp. Physiol. B. 148, 65-76. https://doi.org/10.1007/BF00688889.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. ImerTest package: tests in
linear mixed effects models. J. Stat. Software 82, 1-26. https://doi.org/10.18637/
JSS.V082.113.

Kwon, Y.J., Saeed, S., 2003. Effect of temperature on the foraging activity of Bombus
terrestris L. (Hymenoptera: apidae) on greenhouse hot pepper (Capsicum annuum
L.). Appl. Entomol. Zool. 38, 275-280. https://doi.org/10.1303/aez.2003.275.

Li, C., Wang, L., Li, J., Gao, C., Luo, Y., Ren, L., 2019. Thermal survival limits of larvae
and adults of Sirex noctilio (Hymenoptera: siricidae) in China. PLoS One 14,
e0218888. https://doi.org/10.1371/JOURNAL.PONE.0218888.

Liczner, A.R., Colla, S.R., 2019. A systematic review of the nesting and overwintering
habitat of bumble bees globally. J. Insect Conserv. 23, 787-801. https://doi.org/
10.1007/510841-019-00173-7.

Lighton, J.R.B., Turner, R.J., 2004. Thermolimit respirometry: an objective assessment of
critical thermal maxima in two sympatric desert harvester ants, Pogonomyrmex
rugosus and P. californicus. J. Exp. Biol. 207, 1903-1913. https://doi.org/10.1242/
jeb.00970.

MacMillan, H.A., Williams, C.M., Staples, J.F., Sinclair, B.J., 2012. Metabolism and
energy supply below the critical thermal minimum of a chill-susceptible insect.

J. Exp. Biol. 215, 1366-1372. https://doi.org/10.1242/jeb.066381.

Maebe, K., De Baets, A., Vandamme, P., Vereecken, N.J., Michez, D., Smagghe, G., 2021.
Impact of intraspecific variation on measurements of thermal tolerance in bumble
bees. J. Therm. Biol. 99, 103002 https://doi.org/10.1016/j.jtherbio.2021.103002.

Masson, S.W.C., Hedges, C.P., Devaux, J.B.L., James, C.S., Hickey, A.J.R., 2017.
Mitochondrial glycerol 3-phosphate facilitates bumblebee pre-flight thermogenesis.
Sci. Rep. 7, 13107 https://doi.org/10.1038/541598-017-13454-5.

Medrzycki, P., Sgolastra, F., Bortolotti, L., Bogo, G., Tosi, S., Padovani, E., Porrini, C.,
Sabatini, A.G., 2010. Influence of brood rearing temperature on honey bee
development and susceptibility to poisoning by pesticides. J. Apicult. Res. 49, 52-59.
https://doi.org/10.3896/IBRA.1.49.1.07.

Mitchell, J.D., Hewitt, P.H., van der Linde, T.C.d.K., 1993. Critical thermal limits and
temperature tolerance in the harvester termite Hodotermes mossambicus (Hagen).
J. Insect Physiol. 39, 523-528. https://doi.org/10.1016/0022-1910(93)90085-6.

Mullan, F., 2022. Connecting Above-And Belowground Effects of Climate Warming on
Bumble Bee Health. Kennesaw State University.

Oyen, K.J., Dillon, M.E., 2018. Critical thermal limits of bumblebees (Bombus impatiens)
are marked by stereotypical behaviors and are unchanged by acclimation, age or
feeding status. J. Exp. Biol. 221 https://doi.org/10.1242/jeb.165589.

Oyen, K.J., Giri, S., Dillon, M.E., 2016. Altitudinal variation in bumble bee (Bombus)
critical thermal limits. J. Therm. Biol. 59, 52-57. https://doi.org/10.1016/j.
jtherbio.2016.04.015.

Potts, S.G., Willmer, P., 1997. Abiotic and biotic factors influencing nest-site selection by
Halictus rubicundus, a ground-nesting halictine bee. Ecol. Entomol. 22, 319-328.
https://doi.org/10.1046/J.1365-2311.1997.00071.X.


https://doi.org/10.1016/j.jtherbio.2023.103710
https://doi.org/10.1016/j.jtherbio.2023.103710
https://doi.org/10.1098/rspb.2000.1065
https://doi.org/10.1098/rspb.2000.1065
https://doi.org/10.1111/geb.13106
https://doi.org/10.1080/00218839.1985.11100651
https://doi.org/10.1080/00218839.1985.11100651
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.cois.2017.06.004
https://doi.org/10.1006/bijl.1998.0232
https://doi.org/10.1111/j.1469-185X.2008.00046.x
https://doi.org/10.1111/j.1469-185X.2008.00046.x
https://doi.org/10.1111/j.1365-2656.2009.01611.x
https://doi.org/10.1086/660021
https://doi.org/10.1515/9781400851188
https://doi.org/10.1007/s00040-016-0463-5
https://doi.org/10.1016/j.jtherbio.2016.10.002
https://doi.org/10.1111/j.1365-2311.1993.tb01075.x
https://doi.org/10.1016/0022-1910(69)90138-3
https://doi.org/10.1016/0022-1910(69)90138-3
https://doi.org/10.1890/11-2296.1
https://doi.org/10.1111/een.12842
https://doi.org/10.1080/00218839.2022.2164651
https://doi.org/10.1073/pnas.0400773101
https://doi.org/10.1111/jbi.13799
https://doi.org/10.1098/rsbl.2017.0125
http://refhub.elsevier.com/S0306-4565(23)00251-6/sref21
https://doi.org/10.1242/jeb.64.3.561
https://doi.org/10.1126/science.185.4153.747
https://doi.org/10.1126/science.185.4153.747
https://doi.org/10.1111/1365-2435.14241
https://doi.org/10.1111/1365-2435.13507
https://doi.org/10.1098/rspb.2008.1957
https://doi.org/10.1016/j.anbehav.2013.10.017
https://doi.org/10.1016/j.anbehav.2013.10.017
https://doi.org/10.1007/s00359-005-0035-z
https://doi.org/10.1126/science.aaa7031
https://doi.org/10.1016/S0022-1910(00)00087-1
https://doi.org/10.1007/s13592-014-0284-3
https://doi.org/10.1007/s13592-014-0284-3
https://doi.org/10.1016/j.jinsphys.2007.06.019
https://doi.org/10.1016/j.jinsphys.2007.06.019
https://doi.org/10.1007/BF00688889
https://doi.org/10.18637/JSS.V082.I13
https://doi.org/10.18637/JSS.V082.I13
https://doi.org/10.1303/aez.2003.275
https://doi.org/10.1371/JOURNAL.PONE.0218888
https://doi.org/10.1007/s10841-019-00173-7
https://doi.org/10.1007/s10841-019-00173-7
https://doi.org/10.1242/jeb.00970
https://doi.org/10.1242/jeb.00970
https://doi.org/10.1242/jeb.066381
https://doi.org/10.1016/j.jtherbio.2021.103002
https://doi.org/10.1038/s41598-017-13454-5
https://doi.org/10.3896/IBRA.1.49.1.07
https://doi.org/10.1016/0022-1910(93)90085-6
http://refhub.elsevier.com/S0306-4565(23)00251-6/sref44
http://refhub.elsevier.com/S0306-4565(23)00251-6/sref44
https://doi.org/10.1242/jeb.165589
https://doi.org/10.1016/j.jtherbio.2016.04.015
https://doi.org/10.1016/j.jtherbio.2016.04.015
https://doi.org/10.1046/J.1365-2311.1997.00071.X

T. Bretzlaff et al.

Richards, K.W., 1973. Biology of Bombus polaris curtis and Bombus hyperboreus
schonherr at lake hazen, northwest territories (hymenoptera: bombini). Quaest.
Entomol. 9, 115-158.

Riviere, B., 2012. Phenotypic Plasticity and Population-Level Variation in Thermal
Physiology of the Bumblebee Bombus Impatiens. University of Ottawa.

Schultze-Motel, P., 1991. Heat loss and thermoregulation in a nest of the bumblebee
Bombus lapidarius(thymenoptera, apidae). Thermochim. Acta 193, 57-66. https://
doi.org/10.1016,/0040-6031(91)80174-H.

Snyder, G.K., Weathers, W.W., 1975. Temperature adaptations in amphibians. Am. Nat.
109, 93-101. https://doi.org/10.1086,/282976.

Soroye, P., Newbold, T., Kerr, J., 2020. Climate change contributes to widespread
declines among bumble bees across continents. Science 367, 685-688. https://doi.
org/10.1126/science.aax8591.

Stabentheiner, A., Kovac, H., Brodschneider, R., 2010. Honeybee colony
thermoregulation - regulatory mechanisms and contribution of individuals in
dependence on age, location and thermal stress. PLoS One 5. https://doi.org/
10.1371/journal.pone.0008967.

Stabentheiner, A., Kovac, H., Mandl, M., Kéfer, H., 2021. Coping with the cold and
fighting the heat: thermal homeostasis of a superorganism, the honeybee colony.
J. Comp. Physiol. A Neuroethol. Sensory, Neural, Behav. Physiol. 207, 337-351.
https://doi.org/10.1007/s00359-021-01464-8.

Staples, J.F., Koen, E.L., Laverty, T.M., 2004. “Futile cycle” enzymes in the flight muscles
of North American bumblebees. J. Exp. Biol. 207, 749-754. https://doi.org/
10.1242/jeb.00825.

Sunday, J., Bennett, J.M., Calosi, P., Clusella-Trullas, S., Gravel, S., Hargreaves, A.L.,
Leiva, F.P., Verberk, W.C.E.P., Olalla-Térraga, M.A., Morales-Castilla, ., 2019.
Thermal tolerance patterns across latitude and elevation. Philos. Trans. R. Soc. B
Biol. Sci. 374 https://doi.org/10.1098/rsth.2019.0036.

Sunday, J.M., Bates, A.E., Dulvy, N.K., 2011. Global analysis of thermal tolerance and
latitude in ectotherms. Proc. R. Soc. B Biol. Sci. 278, 1823-1830. https://doi.org/
10.1098/rspb.2010.1295.

Sunday, J.M., Bates, A.E., Kearney, M.R., Colwell, R.K., Dulvy, N.K., Longino, J.T.,
Huey, R.B., 2014. Thermal-safety margins and the necessity of thermoregulatory
behavior across latitude and elevation. Proc. Natl. Acad. Sci. U. S. A 111,
5610-5615. https://doi.org/10.1073/pnas.1316145111.

Tautz, J., Maier, S., Groh, C., Rossler, W., Brockmann, A., 2003. Behavioral performance
in adult honey bees is influenced by the temperature experienced during their pupal
development. Proc. Natl. Acad. Sci. U. S. A 100, 7343-7347. https://doi.org/
10.1073/pnas.1232346100.

Terblanche, J.S., Deere, J.A., Clusella-Trullas, S., Janion, C., Chown, S.L., 2007. Critical
thermal limits depend on methodological context. Proc. R. Soc. B Biol. Sci. https://
doi.org/10.1098/rspb.2007.0985.

10

Journal of Thermal Biology 117 (2023) 103710

Tremblay, P., MacMillan, H.A., Kharouba, H.M., 2021. Autumn larval cold tolerance does
not predict the northern range limit of a widespread butterfly species. Ecol. Evol. 11,
8332-8346. https://doi.org/10.1002/ece3.7663.

Van Berkum, F.H., 1988. Latitudinal patterns of the thermal sensitivity of sprint speed in
lizards. Am. Nat. 132, 327-343. https://doi.org/10.1086/284856.

Vanderplanck, M., Martinet, B., Carvalheiro, L.G., Rasmont, P., Barraud, A.,
Renaudeau, C., Michez, D., 2019. Ensuring access to high-quality resources reduces
the impacts of heat stress on bees. Sci. Rep. 9, 12596 https://doi.org/10.1038/
$41598-019-49025-z.

Velthuis, H.H.W., Van Doorn, A., 2006. A century of advances in bumblebee
domestication and the economic and environmental aspects of its commercialization
for pollination. Apidologie. https://doi.org/10.1051/apido:2006019.

Vickruck, J.L., Richards, M.H., 2012. Niche partitioning based on nest site selection in
the small carpenter bees Ceratina mikmagqi and C. calcarata. Anim. Behav. 83,
1083-1089. https://doi.org/10.1016/j.anbehav.2012.01.039.

Vogt, F.D., 1986a. Thermoregulation in bumblebee colonies. I. Thermoregulatory versus
brood-maintenance behaviors during acute changes in ambient temperature.
Physiol. Zool. 59, 55-59. https://doi.org/10.1086/physz00].59.1.30156090.

Vogt, F.D., 1986b. Thermoregulation in bumblebee colonies. II. Behavioral and
demographic variation throughout the colony cycle. Physiol. Zool. 59, 60-68.
https://doi.org/10.1086/physz001.59.1.30156091.

Vorhees, A.S., Bradley, T.J., 2012. Differences in critical thermal maxima and mortality
across life stages of the mealworm beetle Tenebrio molitor. J. Exp. Biol. 215,
2319-2326. https://doi.org/10.1242/JEB.070342.

Vorhees, A.S., Gray, E.M., Bradley, T.J., 2013. Thermal resistance and performance
correlate with climate in populations of a widespread mosquito. Physiol. Biochem.
Zool. 86, 73-81. https://doi.org/10.1086/668851.

Wang, Q., Xu, X., Zhu, X., Chen, L., Zhou, S., Huang, Z.Y., Zhou, B., 2016. Low-
temperature stress during capped brood stage increases pupal mortality,
misorientation and adult mortality in honey bees. PLoS One 11, e0154547. https://
doi.org/10.1371/journal.pone.0154547.

Weidenmiiller, A., 2004. The control of nest climate in bumblebee (Bombus terrestris)
colonies: interindividual variability and self reinforcement in fanning response.
Behav. Ecol. 15, 120-128. https://doi.org/10.1093/beheco/arg101.

Weidenmiiller, A., Kleineidam, C., Tautz, J., 2002. Collective control of nest climate
parameters in bumblebee colonies. Anim. Behav. 63, 1065-1071. https://doi.org/
10.1006/anbe.2002.3020.

Wuellner, C.T., 1999. Nest site preference and success in a gregarious, ground-nesting
bee Dieunomia triangulifera. Ecol. Entomol. 24, 471-479. https://doi.org/10.1046/
J.1365-2311.1999.00215.X.


http://refhub.elsevier.com/S0306-4565(23)00251-6/sref48
http://refhub.elsevier.com/S0306-4565(23)00251-6/sref48
http://refhub.elsevier.com/S0306-4565(23)00251-6/sref48
http://refhub.elsevier.com/S0306-4565(23)00251-6/sref49
http://refhub.elsevier.com/S0306-4565(23)00251-6/sref49
https://doi.org/10.1016/0040-6031(91)80174-H
https://doi.org/10.1016/0040-6031(91)80174-H
https://doi.org/10.1086/282976
https://doi.org/10.1126/science.aax8591
https://doi.org/10.1126/science.aax8591
https://doi.org/10.1371/journal.pone.0008967
https://doi.org/10.1371/journal.pone.0008967
https://doi.org/10.1007/s00359-021-01464-8
https://doi.org/10.1242/jeb.00825
https://doi.org/10.1242/jeb.00825
https://doi.org/10.1098/rstb.2019.0036
https://doi.org/10.1098/rspb.2010.1295
https://doi.org/10.1098/rspb.2010.1295
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1073/pnas.1232346100
https://doi.org/10.1073/pnas.1232346100
https://doi.org/10.1098/rspb.2007.0985
https://doi.org/10.1098/rspb.2007.0985
https://doi.org/10.1002/ece3.7663
https://doi.org/10.1086/284856
https://doi.org/10.1038/s41598-019-49025-z
https://doi.org/10.1038/s41598-019-49025-z
https://doi.org/10.1051/apido:2006019
https://doi.org/10.1016/j.anbehav.2012.01.039
https://doi.org/10.1086/physzool.59.1.30156090
https://doi.org/10.1086/physzool.59.1.30156091
https://doi.org/10.1242/JEB.070342
https://doi.org/10.1086/668851
https://doi.org/10.1371/journal.pone.0154547
https://doi.org/10.1371/journal.pone.0154547
https://doi.org/10.1093/beheco/arg101
https://doi.org/10.1006/anbe.2002.3020
https://doi.org/10.1006/anbe.2002.3020
https://doi.org/10.1046/J.1365-2311.1999.00215.X
https://doi.org/10.1046/J.1365-2311.1999.00215.X

	High temperature sensitivity of bumblebee castes and the colony-level costs of thermoregulation in Bombus impatiens
	1 Introduction
	2 Methods
	2.1 Bee colonies and holding conditions
	2.2 Individual CTmax
	2.3 Whole-colony thermoregulation
	2.4 Data analysis

	3 Results
	3.1 Bumblebee caste CTmax
	3.2 Whole-colony thermoregulation

	4 Discussion
	4.1 Bumblebee caste CTmax
	4.2 Whole-colony thermoregulation
	4.2.1 Maximum whole-colony energy expenditure
	4.2.2 Internal colony nest temperature


	5 Conclusions
	Authors’ contributions
	Funding
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


