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Heatwaves are increasingly common globally and are known to have detrimental
impacts on animal morphology and behaviour. These impacts can be severe, especially
if heatwaves occur during development, even on animals that can regulate the
temperature of their developing young. The onset and duration of heatwaves are
stochastic and therefore may affect all or only part of development. In the heterothermic
bumblebee Bombus terrestris, elevated temperatures over the entirety of development
cause morphological changes in adults, despite their capability to regulate brood
temperature. However, the effects of heatwaves that occur during a short period of
development are unclear. We test the impact of elevated developmental temperature
during the latter fraction of development on the behaviour and morphology of adult
worker B. terrestris. We show that exposure to elevated temperature over a portion of
late development is sufficient to impair the initial behavioural responses of workers to
various sensory stimuli. Despite this, exposure to elevated temperatures during a period
of development did not have any significant impact on body or organ size. The negative
effect of elevated developmental temperatures was independent of the exposure time,
which lasted from 11–20 days at the end of the workers’ developmental period. Thus,
heat stress in bumblebees can manifest without morphological indicators and impair
critical behavioural responses to relevant sensory stimuli, even if only present for a
short period of time at the end of development. This has important implications for our
understanding of deleterious climactic events and how we measure indicators of stress
in pollinators.

Keywords: bumblebee, heatwave, behaviour, sensory system, reflex, Bombus terrestris

INTRODUCTION

For many animals, abnormal temperatures during development, either elevated or depressed,
are known to have profound impacts on adult phenotype. This sometimes takes the form of
phenotypic plasticity, such as the reptile temperature-dependent sex determination systems (Singh
et al., 2020) or the spring/summer morphs of certain butterfly species (Gilbert, 2001). Other times,
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deviation from an optimum developmental temperature is
negative, causing adult morphological deformation (Groh et al.,
2004; Gerard et al., 2018), behavioural impairment (Van Damme
et al., 1992; Tautz et al., 2003), deficient neurological development
(Groh et al., 2004) and physiological disruption (Watkins, 2000;
Singh et al., 2020).

Across exothermic vertebrates, non-adaptive deviations in
adult phenotypes due to abnormal developmental temperatures
have been well investigated when temperature stress occurs
during the entirety of development (Burger, 1991; Van Damme
et al., 1992; Watkins, 2000; Micheli-Campbell et al., 2011;
Sfakianakis et al., 2011; Singh et al., 2020). Zebra fish embryos
reared in warmer temperatures swim better as adults than
their cooler compatriots, but show no discernible morphological
differences (Sfakianakis et al., 2011). In contrast, hatchlings of
the turtle Elusor macrurus from cooler incubation temperatures
are the better swimmers (Micheli-Campbell et al., 2011; Singh
et al., 2020). Even in insects, such as damselflies, exposure
to elevated temperature throughout development has been
shown to affect both wing shape and flight performance
(Arambourou et al., 2017). The solitary bee Osmia bicornis
suffers increased adult mortality, as well as decreases in
prepupal weight, under hotter developmental temperatures
(Radmacher and Strohm, 2011).

Exposure to elevated ambient temperatures has also been
shown to affect bee colonies, albeit in a species-dependant
manner. Honeybees that experience heat stress during
development do not show any morphological indicators
(Jones et al., 2005) (though see Groh et al., 2004 for reports
of morphological disfigurement) but display learning and
memory impairment (Tautz et al., 2003). Furthermore, adult
honeybees reared under naturally occurring but undesirable
temperatures had fewer mushroom body microglomeruli in
the region dedicated to olfactory learning (Groh et al., 2004),
suggesting that their capacity to learn olfactory stimuli would
be impaired. Bumblebees subjected to heat stress over the
duration of development have modified wing shapes as adults
(Gerard et al., 2018), although it remains unknown if these
or any other potential morphological variations have any
behavioural consequences.

While we now have a good general understanding of how
exposure to abnormal temperatures during the entirety of
development affect a range of organisms, we still know little
about the effects of abnormal temperature exposure during only
a part of development. Understanding such effects, however,
is becoming increasingly important if we are to understand
how animals will be impacted by global warming. Global
warming is increasing the frequency of heatwaves (Perkins-
Kirkpatrick and Lewis, 2020) – prolonged periods of excessive
heat (Perkins and Alexander, 2013; Perkins-Kirkpatrick and
Lewis, 2020) – a weather phenomenon that may only impact
an animal over a portion of their development. Animals like
bumblebees that grow their colonies over spring and summer,
when extreme heat events are most common, are particularly
vulnerable to excessive temperature events. While the influence
of elevated temperatures over a fraction of development is
relatively unknown, investigations into the impacts of heatwaves

specifically indicate they may have a profound effect on all
organisms (Stillman, 2019).

Short-term heat-shock in insects often causes reproductive
disruptions (Sales et al., 2018; Chen et al., 2019; Martinet
et al., 2020), particularly impacting male fertility by altering
spermatozoa (Sales et al., 2018; Martinet et al., 2020). In O.
bicornis, exposure to elevated temperatures during pupation only
disrupted male mate attraction behaviour (Conrad et al., 2017).
In eusocial insects, capable of intranidal temperature regulation,
the effect of partial developmental heatwaves has only been
investigated in Africanized honeybees (Medina et al., 2018; Poot-
Báez et al., 2020). A naturally occurring heatwave prior to
pupation caused smaller adults (Poot-Báez et al., 2020) whereas a
simulated heatwave during pupation affected wing shape, altered
the strength of fluctuating asymmetry and lowered the age at
onset of foraging (Medina et al., 2018).

The stochasticity of heatwaves means that eusocial insect
larvae will be at different developmental stages at the onset
of a heatwave and will therefore experience differential
exposure to elevated temperatures. Having uneven exposure
to elevated temperatures may still affect colony performance.
Here, we begin to address the functional consequences of
elevated temperatures during varied periods of mid and late
development in the bumblebee Bombus terrestris. Bumblebees
are an important model for this work because they tightly
regulate both their colony (Schultze-Motel, 1991; Jones and
Oldroyd, 2006; Gardner et al., 2007) and brood temperatures
(Vogt, 1986; Weidenmüller et al., 2002). The proper development
and function of sensory systems in bumblebees is essential
for their pollination activities as they rely heavily on visual,
olfactory, gustatory and mechanosensory information to navigate
between flower patches and their colony (Dyer and Chittka,
2004; Orbán and Plowright, 2014; Wilmsen et al., 2017;
Sprayberry, 2018) and to optimise their foraging (Spaethe et al.,
2001; Chittka et al., 2003; Kulahci et al., 2008). Furthermore,
bumblebees are already experiencing range shrinkage and
population declines in both Europe (Kerr et al., 2015) and
North America (Cameron et al., 2011; Kerr et al., 2015) as a
result of a warming climate. The capacity for this genus to
adapt to hotter temperatures may be physiologically constrained;
Bombus vosnesenkii workers show no geographical variability
regarding their critical thermal maximum (Pimsler et al., 2020),
indicating a lack of local adaptation. We predicted that elevated
temperatures over a portion of development, akin to a partial
developmental heatwave, would impair behavioural responses
to relevant sensory stimuli and cause morphological changes
in adult worker bumblebees. Our results indicate that, despite
having no discernible impact on morphology, partially elevated
temperatures impair bumblebee responses to important sensory
information, likely leading to decreased colony fitness.

MATERIALS AND METHODS

Animals
Eight Bombus terrestris (L., 1758) colonies from Koppert (Berkel
en Rodenrijs, Netherlands) were reared in the dark in climate
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control cabinets (Panasonic MIR 123L, Tokyo, Japan). The
colonies (consisting of 1 queen, 19–40 workers – the variation
was due to the initial colony state – and all brood cells)
were kept in plastic boxes (Supplementary Figure 1) filled
with unscented cat litter to absorb humidity. Individuals from
each colony were reared and experimented upon concurrently
and the colonies were randomly assigned to treatments on
arrival to the laboratory. Four colonies were kept in one
incubator maintained at an air temperature of 26 ± 0.07◦C
and another four colonies were kept in another incubator at
an air temperature of 33 ± 0.5◦C. Climate loggers (Lascar
Electronics, EasyLog EL-USB-2, Whiteparish, United Kingdom)
recording temperature and humidity every 10 s were placed
in each incubator (outside of the colonies). Two additional
loggers recorded the air temperature and humidity inside two
of the four colonies by means of small wire probes (attached
to data loggers placed inside the cabinets but outside the
colonies) that were placed beside the brood cells. At the
end of the experiment, the data was downloaded from the
loggers and average temperature and humidity calculated. All
data loggers indicated that experimental temperatures and
humidity were maintained in both the incubators and in the
colonies and that they were stable throughout the experiment
(indicating that bees were not able to significantly modify the
ambient colony temperature from that set by the incubator).
The relative humidity in the 26◦C incubator was 53 ± 5.5%
and 56.5 ± 8.8% in the 33◦C incubator. Bees were fed
ad libitum with 50% w/v refined white sugar water solution
and fresh-frozen, organic pollen every 2–3 days (Naturprodukter
Raspowder Bipollen, Stockholm, Sweden). After 7 days in the
incubator, all bees in each colony were marked with non-toxic
paint (Färgpenna Lackstift, Biltema, Helsingborg, Sweden) to
identify bees that had already completed, or were close to,
adult development.

Between 11 and 20 days after the colonies were placed in the
incubators, individual bees without prior colour markings were
tagged with individual colour/number plate combinations that
were glued to their thorax and subjected to testing within 4 days.
The time each bee was exposed to the temperature treatment
at the end of its development (Table 1) was explicitly included
in our statistical models (see below) to control for the effects
of exposure length. Note that each individual only experienced
the temperature treatment for a maximum of 20 days at the end
of their development, rather than for their entire developmental
period – typically 25 days (Cnaani et al., 2000) – as such, they
experienced simulated heatwave conditions rather than long
periods of sustained high temperature. Based on an estimated
25 days of development time from egg to adult, bees were first
exposed to their treatment temperatures from day 5 to day 14
(corresponding to approximately when bees hatch through to
pre-pupation and the cessation of feeding) (Cnaani et al., 2000).
A total of 60 workers from eight colonies were tested (with only a
single worker being excluded from the behavioural analysis due
to insufficient data) – 30 workers from four colonies at 33◦C
and 29 workers from four colonies at 26◦C. Sample sizes for
the morphological analysis vary because some specimens were
damaged during the preparation process.

TABLE 1 | The number of days each bee spent at treatment temperatures before
being marked and subjected to behavioural tests.

Bee ID Temperature (◦C) Colony Days to marking Days to test

G48 26 One 14 15

G47 26 One 14 14

G46 26 One 14 15

G45 26 One 14 15

G44 26 One 14 14

G43 26 One 14 14

G42 26 One 14 14

B28 26 Two 14 14

B27 26 Two 14 14

B26 26 Two 14 14

B25 26 Two 14 14

B24 26 Two 11 13

B23 26 Two 11 13

B22 26 Two 11 13

W42 26 Three 19 20

W41 26 Three 19 20

W40 26 Three 19 20

W39 26 Three 19 20

W38 26 Three 19 20

W28 26 Three 11 16

W27 26 Three 11 13

W26 26 Three 11 14

Y24 26 Four 19 20

Y23 26 Four 19 20

Y22 26 Four 19 20

Y21 26 Four 19 20

Y20 26 Four 19 20

Y19 26 Four 11 14

Y18 26 Four 11 14

Y17 26 Four 11 15

Y33 32 Five 20 21

Y32 32 Five 20 21

Y31 32 Five 20 21

Y30 32 Five 20 20

Y28 32 Five 20 20

Y27 32 Five 20 21

Y26 32 Five 20 21

Y25 32 Five 20 21

G57 32 Six 20 21

G56 32 Six 20 21

G55 32 Six 15 16

G54 32 Six 15 19

G52 32 Six 15 16

G50 32 Six 15 16

G49 32 Six 15 16

B36 32 Seven 15 19

B35 32 Seven 15 19

B34 32 Seven 15 19

B33 32 Seven 15 16

B32 32 Seven 15 16

B31 32 Seven 15 19

B30 32 Seven 15 16

B29 32 Seven 15 19

W36 32 Eight 15 19

W35 32 Eight 15 19

W34 32 Eight 15 16

W33 32 Eight 15 16

W32 32 Eight 15 19

W31 32 Eight 15 16

W30 32 Eight 15 19
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FIGURE 1 | Behavioural arena set-up. A schematic drawing of the
experimental set-up used to investigate the effect of rearing temperature on
the behavioural responses of bumblebees to different sensory stimuli. Bees
were placed in the centre of the arena and presented with a light stimulus
from above (UV or white light), an olfactory or mechanosensory stimulus
delivered through a syringe from below (honey water odour or an air puff) or a
drop of liquid (white sugar water or quinine) placed on the floor of the arena.
Responses to these stimuli were recorded using a camera that filmed the
set-up from above.

Selecting Treatment Temperatures
Considerable increases in bumblebee thermoregulatory
behaviour have been observed when colonies were exposed
to ambient temperatures of 26◦C (Weidenmüller et al., 2002)
and 27◦C (Nasir et al., 2019). Other investigations have found
that colonies function optimally below 30◦C but temperatures in
excess of this are detrimental to the number of workers produced
in the first brood and to the lifespan of the colony (Nasir
et al., 2019). Vogt (1986) considered colonies that experience
temperatures of 32◦C as heat stressed – ambient temperatures at
and above 32◦C elicit increased wing fanning, to cool the colony,
with an associated increase in metabolic costs (Vogt, 1986). While
32◦C has been reported as the preferred temperature for brood
to be kept at Weidenmüller et al. (2002), brood temperature are
typically 2◦C warmer than the ambient air temperature inside
the colony (Vogt, 1986; Weidenmüller et al., 2002). Therefore,

an air temperature of 33◦C inside the colony is likely to be
beyond the optimal temperature for developing B. terrestris,
with evidence of this being found in the modified wing shapes
of adults which developed at 32◦C (Gerard et al., 2018). Due to
the above-described effects, 33◦C was selected as the elevated
temperature treatment.

Behavioural Experiments
Experimental Set-Up
Adult bees were fed ad libitum before the experiment and kept in
darkness for the duration of the experiment. The experimental
setup consisted of a circular transparent plastic arena with a
plexiglass lid and metal mesh bottom (Figure 1) 9 cm in diameter
and 14 cm in height. Individual bees were caught in the colony
and placed in the experimental setup in the dark for 2 min
acclimation before being sequentially exposed to seven stimuli
with 2 min dark rest periods in between stimulus presentations.
The behavioural tests were performed at room temperature,
23 ± 2◦C. Bees were recorded under red light using a video
camera (Sony FDR-AX33, Tokyo, Japan) positioned above the
arena. The first response upon exposure to each stimulus was
examined via frame-by-frame playback of the video recording
using VLC Media Player (VideoLan, 2006) and classified as either
expected or unexpected (for details, see section Table 2) by an
investigator blind to the treatment group of each bee.

Stimuli
The stimuli were chosen to test the function of different sensory
systems – vision, mechanosensation, olfaction and gustation –
and were expected to elicit attraction, aversion or neutral
responses from the bees (Table 3). The stimuli were always
presented to the bees in the same sequence, the order of which
can be found in Table 3. The attractive stimuli consisted of honey
odour, white sugar water, brown sugar water and UV light, the
aversive stimuli consisted of an air puff or quinine and the neutral
stimulus consisted of white light. The brown sugar water was the
solution that the supplier, Koppert, uses as a standard nutritional
food source in commercial colonies. The response of the bees
to the stimulus was recorded upon their exposure to it. In the
case of the UV and white lights (Supplementary Figure 2), the
bees were given 1 min to respond, in the case of the odour and
air puff stimuli, the response of the bees was recorded in the
duration of the delivery and in the case of the sugar solutions
and quinine, a droplet of the solutions were placed on the floor
of the experimental setup and a response was recorded once the
bees had encountered (walked over) the solution (for details see
Table 3).

List of Behaviours
Based on preliminary experiments and whether the stimulus
was aversive, attractive or neutral, a list of expected and
unexpected responses (an ethogram) was generated for each
sensory stimulus (Table 2). These expected responses were
considered to be reasonable initial reflex reactions from the bees
on exposure to these stimuli. The unexpected responses were
reactions considered functionally inappropriate on exposure
to that stimulus.
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FIGURE 2 | The effect of developmental heatwaves on the behavioural response to sensory stimuli. The proportional of expected and unexpected behavioural
responses (Table 2) of bees exposed to (A) air puff, (B) brown sugar water, (C) honey odour, (D) quinine, (E) UV light, (F) white light (G) white sugar water. (H) Total
proportion of expected and unexpected behavioural responses for all presented stimuli. Sample size = 59.

TABLE 2 | Ethogram of correct and incorrect behavioural responses to various sensory stimuli.

Stimulus type Expected responses Unexpected responses

UV light Flying, attempt to fly No response, slow walking, fast walking, sitting still, climbing wall,
grooming, biting mesh

Brown sugar odour Antenna movement, proboscis extension, head toward the tube,
stop on top of tube

No response, retraction, wiping face, biting mesh, attacking mesh

Quinine Retract, wiping face/antenna No response, climbing wall, drinking

White sugar water Drinking, proboscis extension, antenna movement No response, retract, wiping face

Brown sugar water Drinking, proboscis extension, antenna movement No response, retract, wiping face

Air puff Buzzing, flying, laying on back, running, lifting leg, crunching, wiping
face, climbing wall

No response, grooming

White light Flying, attempt to fly No response, slow walking, fast walking, sitting still, climbing wall,
grooming, biting mesh, drinking sugar water

Morphological Measurements
Antennal length, forewing size and eye areas were selected as
features to measure, because the functioning of these organs
will affect how the bees interact with the different presented
stimuli. Body size was measured as fresh mass to the nearest
µg using a balance (Sartorius BP 310S, Göttingen, Germany).
Bumblebees were euthanised using ethyl acetate and their
mass was documented within 5 min of death followed by
subsequent dissections. Antennae and proboscides were dissected
from bumblebee workers, laid flat on 1 mm grid paper and

photographed. The length of the right antenna from each
individual was measured in ImageJ (Schneider et al., 2012). Right
forewings were removed from each individual, photographed
and their length and width was measured in ImageJ (Schneider
et al., 2012). 3D volumetric scans of the head were acquired
through X-ray microtomographic (micro-CT) scans (Taylor et al.,
2019, 2020) at the TOMCAT beamline of the Swiss Light Source
(beamtime number: 20191425). The left eyes were cropped using
Drishti 2.6.4 (Limaye, 2012) and imported into Amira 6.2.0
(Thermo Fisher Scientific, Whaltham, United States). Eye surface
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area was determined by creating a patch of the left eye using the
“Patchify Surface” function in Amira 6.2.0.

Statistics
All statistics were conducted using R v.4.0.2 (R Core Team,
2016). Binary response data were analysed using generalized
mixed effects models with a binomial family from the lme4
package (Bates et al., 2015). A maximal model was constructed
and simplified using likelihood ratio tests (LRT) to arrive at the
minimum adequate model. The initial maximal model was fitted
with main effects of temperature, time from treatment onset to
being tagged, time from treatment onset to behavioural testing
(equal to the total time spent in the treatment), stimulus type
and body mass (Table 4). An interaction between temperature
and stimulus type was also fitted along with a random intercept
of bee ID nested in colony (Table 4). Significance of explanatory
variables in the final model were analysed using type II ANOVAs
from the car package (Fox and Weisberg, 2019). Subsequent
pairwise comparisons were Tukey adjusted and estimated using
the multcomp package (Hothorn et al., 2008). Morphological
differences were assessed using a two-sample t-test.

RESULTS

There was no significant interaction between temperature and
stimulus type (LRT, X6 = 4.04, p = 0.62) nor was there a
significant effect of fresh mass (LRT, X1 = 0.02, p = 0.89). There
was no significant effect of days taken to eclose or days to
onset of behavioural testing (LRT, X1 = 3.27, p = 0.07) There
was a significant effect of both temperature (type II ANOVA,
X59,1 = 5.22, p < 0.03) and stimulus type on the likelihood of
bees responding in accordance with the expected criteria (type II
ANOVA, X59,6 = 0.03, p < 0.001).

Post-hoc pairwise comparisons revealed that bees reared at
26◦C made a greater number of expected responses compared
with bees reared at 33◦C (Figure 2, Z = 2.29, p = 0.02).

TABLE 3 | Sensory stimuli used in the experiment.

Treatment Exposure Time Delivery mechanism

UV light (attractive/novel) 1 min UV lamp

Honey odour
(attractive/novel)

Until syringe was empty 60 ml syringe

Quinine (aversive/novel) Until opportunity to react One drop (Pasteur pipette)

White sugar water
(attractive/familiar)

Until opportunity to react One drop (Pasteur pipette)

Brown sugar water
(attractive/novel)

Until opportunity to react One drop (Pasteur pipette)

Air puff (aversive/novel) One puff Canned air (gas duster)

White light (neutral/novel) 1 min Lamp

Sensory functions (vision, mechanosensation, olfaction and gustation) were tested
using attractive (UV light, honey odour, white sugar water, brown sugar water)
aversive (air puff, quinine), and neutral (white light) sensory stimuli that were either
familiar or novel to the bees. Opportunity to react refers to the moment a bee
was able to encounter the stimulus (e.g., when it was oriented directly toward the
stimulus). Stimuli were presented to all bees in the order listed in the table.

Irrespective of temperature treatment, bees were more likely to
respond in accordance with the expected criteria to UV light,
honey water odour, quinine, an air puff and brown sugar water
than they were to white sugar water and white light (Figure 2,
Z > 3.73, p < 0.01).

There was no significant difference in the mean size of
any of the measured morphological features (antennae length,
eye area, forewing length, forewing width, proboscis length,
body mass) between temperature treatments (Figure 3, T-test,
t22−60,17−58, < 1.85, P > 0.17).

DISCUSSION

We explored the functional consequences of elevated rearing
temperatures during a period of development – such as those
likely to be induced by heatwaves arising from global warming –
on bumblebee behaviour by testing their initial responses to
various novel and familiar sensory stimuli (Table 3). Bees that
spent a portion of their development time at 33◦C made 8% more
unexpected responses than those reared at 26◦C, a difference
that would represent a significant negative effect on behaviour.
Though these bees were naïve and tested in laboratory conditions,
it is not implausible to posit that this could lead to many
incorrect choices when extrapolated across the lifetime of a
colony. Although maladaptive responses to relevant sensory
stimuli could potentially be rectified by experience, previous
work showing that honeybees raised at elevated temperatures
have impaired memory (Tautz et al., 2003; Jones et al., 2005),
suggests that this process may also be affected. The effect of
elevated temperatures on the response to sensory stimuli was
independent of the time the bees spent at that temperature. This
suggests that elevated developmental temperatures can disrupt
adult behaviour, independent of their duration – a shorter period
of exposure to elevated temperatures is as detrimental as a
longer period. This effect of elevated temperature on behavioural
responses to sensory stimuli did not appear to be related to
morphology; we found no differences between body masses or the
size of important sensory structures such as antennae, eyes, wings
or proboscides between the two treatment conditions (Figure 2).

Morphological changes, such as organ shape (Gerard et al.,
2018), body size (Gerard et al., 2018) or levels of fluctuating
asymmetry (Klingenberg, 2015) are often employed as indicators
of environmental stress. We found that behavioural impairment
occurred without a morphological correlate, indicating that
the approach of using morphological differences to indicate
environmental stress alone is not necessarily sufficient and other
factors, such as behaviour, should be considered during such
investigations. The elevated temperatures presented during the
mid- and late stages of development in this study did not
induce any morphological changes, unlike in Gerard et al.
(2018), where a constantly elevated temperature throughout
development caused changes to wing morphology. Since we
exposed bumblebees in later stages of development to heatwave
conditions, it is likely that body size and relative organ sizes were
already developmentally fixed (Tian and Hines, 2018). A useful
extension of this study would be to examine the effect of elevated
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TABLE 4 | Structure of binomial family generalised linear mixed models.

Response Fixed effects Random intercept

Maximal model Binary (expected or unexpected) Stimulus type * Temperature + Time from treatment onset
to eclosion + Time from treatment onset to behavioural
testing + Body mass

Individual nested within colony

Minimum adequate model Binary (expected or unexpected) Stimulus + Temperature Individual nested within colony

FIGURE 3 | Morphological measurements from bees exposed to developmental heatwaves of different temperatures. Each dot represents a single measurement
from an individual bee. Dark boxes represent means ± S.E. There was no significant difference between the mean values of any of the morphological
measurements. (A) Antenna length: t51,44.4 = 0.83, p = 0.41, size range = 3.61–6.02 mm. (B) Eye area: t22,16.96 = 0.19, p = 0.85, size range = 0.005–0.0384 mm2.
(C) Forewing length: t60,54.64 = 0.38, p = 0.70, size range = 7.12–14.6 mm. (D) Forewing width: t60,57.96 = 0.04, p = 0.96, size range = 2.43–4.79 mm. (E) Tongue
length: t60,55.51 = 1.35, p = 0.18, size range = 5.26–10.8 mm. (F) Fresh mass: t59,53.16 = 1.53, p = 0.13, size range = 0.071–0.442g.

temperatures during early development and assess the extent of
behavioural and morphological alteration.

The impairments in behaviour observed here, as a result
of a heatwave-like event, likely have a neurological, rather
than morphological basis. It is unclear if the impairment lies
in sensory structures, ascending or descending neurons or in
areas of the brain. Tautz et al. (2003) and Jones et al. (2005)
concluded that decreased temperature during development
caused subtle neurological changes that impaired short-term
memory in honeybees. Further evidence for this can be found
when examining mushroom bodies of honeybees reared outside
of their optimum temperature (Groh et al., 2004). The number

of microglomeruli (distinct synaptic complexes) fell as rearing
temperature deviated away from the naturally held optimum.
This effect was most pronounced within the olfactory input
region, while the visual region of the mushroom body was
less affected (Groh et al., 2004). Our data are consistent with
these findings – a subtle neurological impairment could explain
the poorer responses observed in bumblebees reared partly at
33◦C. Further, short-term memory in honeybees (Tautz et al.,
2003; Jones et al., 2005) was examined via the proboscis
extension reflex, a common method for establishing learning
and memory in bees (Giurfa and Sandoz, 2012). One of the
responses of the bumblebees in this study was the extension
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of their proboscides (Table 2), indicating that the short-term
memory issues reported in honeybees reared at abnormal
temperatures might be mechanistically or neurologically similar
to the unexpected behavioural responses we observe.

Although we generally observed an effect of elevated
developmental temperature on the behavioural responses of bees,
there was variation in the extent of the impairment depending
on the sensory stimulus. For example, the proportion of expected
responses to brown sugar water was similar in both temperature
groups (85% at 33◦C, 75% at 26◦C), while the response differed
more markedly in response to white sugar water (70% at 33◦C,
50% at 26◦C). It is unclear why there was a difference in the
response to these two stimuli but it possibly relates to the fact
that the brown sugar water had a “honey-like” odour while the
white sugar water did not. There was also a difference in how
the two temperature groups responded to the two light stimuli
that were presented. The bees in this study were reared in the
dark and had thus never seen light before, which may explain
the higher proportion of unexpected responses to white light.
Though, this does not explain the higher proportion of expected
responses to UV light, which was equally novel to them. As the
stimuli were always presented in the same order, it is also possible
that the differences in the proportion of expected responses are
related to the order of stimulus presentation. Nonetheless, this
does not explain differences between the proportion of responses
observed in the two temperature groups to each stimulus as
both groups experienced the same order of presentation. Further
experimentation and analysis would be required to ascertain
why bees reared under elevated temperatures were better able to
respond to some stimuli than others.

It is unclear at what temperature B. terrestris colonies begin
to experience heat stress. The value appears to be somewhere
between 26◦C (Weidenmüller et al., 2002) and 32◦C (Vogt,
1986). Whether the bees or the colonies were indeed under
heat stress in this study is somewhat moot concerning what
our results indicate – the elevated developmental temperatures
were sufficient to induce an effect on adult behaviour. Heat
stressed brood are an obvious and likely explanation behind our
results, however, even if colonies were not under heat stress,
the indication that sub-stressful elevated temperatures can cause
behavioural impairment should be troubling to anyone paying
attention to current trends in global climate.

Our data also do not indicate whether the elevated
temperature experienced by the colony was the direct cause
of the behavioural impairment we observed. Bumblebees can
regulate the air and the brood temperatures independently (Vogt,
1986). We measured only the ambient temperature inside the
colonies and did not directly measure the brood temperature;
therefore it is possible that the brood were kept above or
below the temperature set by the incubator, despite the air
temperature within the colonies being consistently 33◦C or 26◦C.
The temperature of the brood would need to be directly measured
to assess the capacity of the bees to combat the overwhelming
air temperature. If the brood are reared at temperatures
different from ambient, it would indicate that there are indirect
temperature effects on developing bees, likely a result of modified
action by nurses. It is known that increased thermoregulatory

behaviour lessens the attention that nurses provide to brood
(Vogt, 1986). The observed behavioural impairments may
therefore be caused directly via the temperature of the brood or
indirectly via temperature causing disruption across the whole
colony. Either proximate mechanism indicates that elevated
temperatures over portions of development create behavioural
impairments in adult bumblebees.

Our finding that bees experiencing periods of elevated
temperature during development make sub-optimal responses
to relevant sensory stimuli is more evidence of the dangers
of climate change to heterothermic animals, which are
susceptible despite their capacity to independently regulate
their temperature. Bees in our experiment experienced elevated
temperatures during their mid- and late developmental stages,
mimicking heatwave periods, the risk of which are increasing
across the northern hemisphere (Qiu and Yan, 2020) and
increasing in frequency and magnitude across the globe
(Perkins-Kirkpatrick and Lewis, 2020). Therefore, our data
provide an indicator of how current and near-future climate
change may affect bumblebees. Responding poorly to stimuli,
relative to bees reared in more optimal temperatures, could
come at a greater energetic cost and result in early worker death,
which is a source of stress for a colony (Bryden et al., 2013).
Furthermore, a reduced capacity to make appropriate responses
to sensory stimuli will affect the speed at which correct decisions
are made, impacting foraging efficiency and therefore colony
fitness (Spaethe et al., 2001; Chittka et al., 2003; Kulahci et al.,
2008).

Our findings add to an existing body of work that indicates
that global warming will have a significant effect on pollinators
(Shrestha et al., 2018), though few experiments have explicitly
examined the effects of elevated rearing temperature on adult
behaviour. The impairments presented here show that elevated
rearing temperatures affect innate behavioural responses to
sensory stimuli. Our experiment tested basic behavioural
responses but the results indicate that elevated rearing
temperatures are likely to affect more complex behaviours,
as well as learning and memory (Tautz et al., 2003; Jones et al.,
2005). Further investigations are necessary to understand if
these behavioural impairments are mitigated by age, the effects
of increased learning and to uncover the mechanisms by which
impairments occur.
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