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Abstract – Bees are vitally important in natural and agricultural ecosystems, providing key pollination services to
wild plants and crops. Increasing reports of regional declines of bee populations have attracted intense attention
worldwide. Challenges to bee health are multifactorial and include poor nutrition, heat stress, agrochemicals, and
pathogens. The impact of heat stress is a relativelyminor factor in current bee declines compared with agrochemicals
and pathogens. However, heat stress has adverse impacts on foraging activity, pollination services, task-related
physiology, immunocompetence, reproductive capacity, growth, and development of bees, and these adverse
impacts are variable in different bee species. Heat stress–related damage to bees receives extra attention when it is
accompanied by climate change. Heat-tolerance mechanisms are key enablers for bee survival under high-
temperature stress conditions, and we now understand that both behavior and molecular regulation strongly impact
the ability of bees to reduce damage from heat stress. In this review, we summarize and synthesize previous findings
about the detrimental effects of heat stress to bees and discuss the strategies bees use to cope with heat stress. Bee
species mentioned here are mainly honeybees, bumblebees, and stingless bees, with a focus on the honeybee Apis
mellifera .
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1. INTRODUCTION

Pollinators are essential in mediating the ex-
change of pollen between cultivated and wild
plants, facilitating seed and fruit production
(Vasiliev and Greenwood 2020; Zou et al. 2017;
Benjamin and Winfree 2014). It is estimated that
87.5% of wild-flowing plants benefit from insect
pollinators, with 20% of these benefiting from bees
(Ashman et al. 2004; Ollerton, 2017). However,
severe regional losses of some wild bee popula-
tions and honeybee colonies (Apis mellifera ) have
been frequently reported worldwide over the past

decade (Campos 1998; Goulson et al. 2015;
Soroye et al. 2020). Bee declines have had negative
economic and ecological effects, and it is anticipat-
ed that these declines represent a real threat to the
maintenance of crop production, natural ecosys-
tems stability, human welfare, and plant diversity
(Potts et al. 2010; Powney et al. 2019; Soroye et al.
2020; Theisen-Jones and Bienefeld 2016;
Vanengelsdorp et al. 2009). Known drivers of these
declines include pathogens, agrochemicals, habitat
loss, alien species, and heat stress (Evans and
Schwarz 2011; Goulson et al. 2015; Lopez-Uribe
et al. 2020; Nicholson and Egan 2020).

Among these factors, heat stress affects polli-
nation services and foraging activity, as well as
the growth and development of bees; the impacts
may be not exactly the same in different bee
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species (Alqarni 2020; Bordier et al. 2017b;
Greenop et al. 2020; Rasmont et al. 2015;
Souza-Junior et al. 2020). These adverse impacts
can become more obvious with climate change,
with especially evident changes occurring in the
tropics, cold regions, and mountains (Alqarni
2020; Deutsch et al. 2008; Kerr et al. 2015;
Medina et al. 2018; Rasmont et al. 2015; Soroye
et al. 2020). This is because an increase in the
intensity and duration of heat waves is a key
aspect of climate change (Mora et al. 2017; Xu
et al. 2018): the temperatures of tropical areas are
already warm, and any increases in temperature
caused by climate change will possibly be more
deleterious in the tropics than in temperate regions
(Deutsch et al. 2008; Mora et al. 2013).

It is worth noting that climate change is appar-
ently happening faster than initially predicted (Xu
et al. 2018). Even so, many studies have revealed
that bees are using some behavioral and physio-
logical strategies to survive better under heat
stress (Bonoan et al. 2014; Johnson 2002; Siegel
et al. 2005). Changes in the expression of some
genes, such as the nuclear factor Y (NF-Y) and
heat shock protein (Hsp) families (Li et al. 2020a,
b; Liu et al. 2012; Liu et al. 2014; McAfee et al.
2020b; Zhang et al. 2014), have also been ob-
served in response to heat stress. Here, we sum-
marize the existing knowledge about the adverse
effects of heat stress on bee colonies, such as
honeybees (especially A. mellifera ), bumblebees,
and stingless bees, and we present known infor-
mation about defense mechanisms that bees use to
manage heat stress. It is worth mentioning that the
impacts of heat stress on bees and the defense
mechanisms of bees to heat stress are variable in
different bee species or subspecies.

2. THE EFFECT OF SPECIES AND
BODY SIZE ON BEE TOLERANCE
TO HEAT

Differences in heat resistance capacity have
been found across different bee species. In the
Arabian Peninsula, the longevity of A. mellifera
carnica is significantly lower compared with
A. mellifera jemenitica at an ambient temperature
of 40 °C (Abou-Shaara et al. 2012). The thermal

limits and metabolic rates of A. mellifera ligustica
are more tolerant to high temperature than
A. mellifera carnica (Kovac et al. 2014). In hot-
arid subtropical ecosystems, native A. mellifera
jemenitica foragers are more heat resistant (with
the lowest Hsp expression level) compared with
imported European A. mellifera carnica and
A. mellifera ligustica (Alqarni et al. 2019). Under
semiarid and desert climates, colony losses are
significantly higher in exotic bee subspecies
A. mellifera ligustica (84%) and A. mellifera
carnica (92%) than that in the indigenous bee
A. mellifera jemenitica (46%), and most of bee
colony losses happen in summer months, such as
August and September (Alattal and Alghamdi
2015). In addition, A. cerana displays a lower
survival rate and reduced body water loss at 40
°C and 45 °C compared with A. mellifera , and
A. cerana is mostly intolerant at 57–60 °C, while
A. mellifera is intolerant at 54–60 °C, yet
A. cerana has been shown to have a higher water
loss rate than A. mellifera under extremely high
temperatures (Li et al. 2019). These results indi-
cate that A. mellifera is apparently more tolerant
than A. cerana under high temperatures, whereas
A. cerana is more tolerant than A. mellifera under
extremely high temperature (Li et al. 2019).

The difference of heat resistance in different
bumblebee species is also presented (Martinet
et al. 2015; Oyen et al. 2016; Zambra et al.
2020). The heat resistance threshold temperature
of high-elevation species (Bombus sylvicola and
B. bifarius ) is nearly 5 °C lower than for low-
elevation species (B. huntii ) (Oyen et al. 2016).
High-elevation species (B. alpinus and
B. balteatus ) are less tolerant to heat stress than
species from low elevations and latitudes
(B. monticola ) (Martinet et al. 2015). Moreover,
the time before heat stupor of the males of the
most widespread bumblebee species B. lucorum
and B. terrestris is longer than that of declining
bumblebee species such as B. magnus and
B. jonellus , indicating that the heat resistance of
male B. lucorum and B. terrestris is higher than
in male of B. magnus and B. jonellus (Zambra
et al. 2020), and this difference may influence
their survival in the context of climate change.
These results indicate that heat resistance of bees
is species-specific.
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Body size is also known to influence the heat
tolerance of bees (Oyen et al. 2016; Pereboom and
Biesmeijer 2003). It has been shown that small
stingless bees lose heat much more rapidly than
larger ones (Pereboom and Biesmeijer 2003), in-
dicating that smaller stingless bees may be more
tolerant than larger ones. Another study reported
that relatively larger bumblebees can tolerate
higher extreme temperatures, which may be due
to a thermal-inertia–driven lag for the larger bum-
blebees between the air temperatures and core
body temperatures (Oyen et al. 2016). However,
it is also proved that there is no significant connec-
tion between body size and the time before heat
stupor throughout all specimens based on linear
models in bumblebees (Zambra et al. 2020). This
apparent discrepancy in whether body size affects
the heat resistance of stingless bees or bumblebees
suggests a fruitful area for future investigations.

3. DETRIMENTAL IMPACTS OF
HEAT STRESS ON BEES

The adverse effects of heat stress on bees in-
clude multiple aspects such as their growth, de-
velopment, task-related physiology, immunocom-
petence, foraging activity, pollination services,
and reproduction (Alqarni 2020; Bordier et al.
2017b; Greenop et al. 2020; Medina et al. 2018).
Heat stress can trigger malformations of the pro-
boscis, stinger, wings, and legs in A. mellifera
carnica (Groh et al. 2004). Besides, when Afri-
canized A. mellifera pupae are reared at 40 °C for
1 h daily across 6 days, the resultant adult bees are
slightly shorter than adults raised at normal colony
temperatures, and the heat-exposed adults have
obviously increased fluctuating asymmetry in
forewing shape, reduced longevity, and decreased
age at the onset of foraging (Medina et al. 2018).
There are also reports from A. mellifera that ex-
posure to high temperatures during development
induces precocious age at onset of foraging,
causes bees to dance for longer periods and dance
more often as adults, and affects synaptic organi-
zation andmemory (Becher et al. 2009; Groh et al.
2004; Tautz et al. 2003). These results indicate
that heat stress has adverse effects on A. mellifera
growth and development. Heat stress also de-
creases bumblebee colony development, causing

lower investment in offspring production, and
small colonies are known to be more sensitive to
heat change than the relatively larger colonies
(Vanderplanck et al. 2019). Notably, the impacts
of heat on small colonies are far less pronounced
after feeding with suitable diets, indicating that
suitable diets decrease the effects of heat stress
to bumblebees (Vanderplanck et al. 2019).

In addition to impacts on growth and develop-
ment, heat challenge influences bee task–related
physiology and immunocompetence in A. mellifera
(Bordier et al. 2017b;Medina et al. 2020).Heat stress
induces the expression of vitellogenin (vg ) and ju-
venile hormone esterase (jhe ) in A. mellifera for-
agers (Bordier et al. 2017b). Previous research found
that vg and jhe are associated with the regulation of
task specialization and typically have low expression
levels in foragers (Robinson 1987); foragers have
lower levels of vg and jhe than nurses (Bordier
et al. 2017b). Therefore, heat-stressed bees that tend
to express a nurse-like profile for brood thermoreg-
ulation may be triggered by heat-related increases in
the expression levels of vg and jhe (Bordier et al.
2017b). Moreover, heat stress during development
influences the immunocompetence in drones,
workers and queens of Africanized A. mellifera ,
and heat-stressed workers exhibit significantly de-
creased longevity after infection with Metarhizium
anisopliae (Medina et al. 2020).

Impacts of heat on bee foraging activity and
pollination services have also been reported. For
example, in the middle of a desert, pollen-
gathering and foraging activities are negatively
influenced by temperature, and bees decrease
pollen-gathering and foraging activities during
hot-dry-windy weather in A. mellifera. However,
hive location in nectar-rich Acacia trees decreases
the negative impacts of hot-dry-windy weather to
A. mellifera foraging activity (Alqarni 2020),
which indicate that providing high-quality diets
and sufficient sources of nectar may help to main-
tain the foraging activity of A. mellifera under
heat stress. Bean plants pollinated by heat-
stressed bumblebees have lower total bean weight
and proportional pod set compared with those
pollinated by non-heat-stressed bumblebees
(Greenop et al. 2020). Increasing heat on stingless
bee foragers (Melipona subnitida ) results in in-
creased flight distance in a Brazilian tropical dry
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forest (Souza-Junior et al. 2020), which may fi-
nally result in an overall decrease in the foraging
activity and pollination services of stingless bees.

Furthermore, heat stress affects animal repro-
duction through influencing factors such as sperm
quality (Hurley et al. 2018; Sales et al. 2018).
Heatwaves decrease sperm competitiveness, ejac-
ulate sperm number, and male fertility in
Tribolium castaneum (Sales et al. 2018). The
impact of heat stress on A. mellifera sperm has
also been reported. The availability of stored
sperm in the A. mellifera queen is significantly
reduced under heat stress (Pettis et al. 2016). Fur-
thermore, A. mellifera males die after exposure to
40 °C for 24 h, and the viability of ejaculated
sperm is decreased after heat stress (Stürup et al.
2013). Temperatures from 15 to 38 °C are safe for
A. mellifera queens at a tolerance threshold of
11.5% loss of sperm viability, and heat stress
induces the expression levels of some stress-
related proteins in the spermatheca (McAfee
et al. 2020a). Despite these findings, the effects
of heat stress on bee queen reproduction and drone
sperm quality still need further study.

4. STRATEGIES USED BY BEES TO
DEFEND AGAINST HEAT STRESS

Heat stress can happen at thewhole-colony level
and significantly influence the growth and devel-
opment of larvae, pupae, and nurse adults (Bonoan
et al. 2014; Medina et al. 2018). Moreover, heat
stress can occur at the individual level of foragers
when they are collecting pollen and nectar in the
environment (Souza-Junior et al. 2020). To better
survive under heat stress, bees have deployed some
compensatory strategies at the behavioral and mo-
lecular levels to defend against heat stress
(Figure 1) (Bonoan et al. 2014; Heinrich 1976).

4.1. Behavioral levels

4.1.1. Decreasing hive temperature

The temperature of beehives is strictly regulated
at the colony level for normal colony function and
brood development. For example, the temperature
of honeybee, bumblebee, and stingless bee hives is
carefully maintained between 32 and 36 °C (Jones

et al. 2004; Seeley 1985), 28-32°C (Vogt 1986),
and 26-30°C (Marques et al. 2020), respectively.
When a hive temperature is above the thermal
optimum, a series of behaviors are used by the
bees in the colony to actively regulate the hive
temperature and maintain normal brood tempera-
tures (Figure 1a). The following is mainly focused
on the behaviors of honeybees (A. mellifera ) in
reducing hive temperature. The behaviors of bum-
blebee and stingless bees in regulating their hive
temperature still need further research.

To reduce hive temperature, an increase in
water collecting foragers is found in A. mellifera
(Bordier et al. 2017a), and workers fan their wings
when standing at the hive entrance, or fan their
wings in the hive; honeybees may also simulta-
neously hold a thin film of water in their proboscis
to achieve evaporative cooling (Heinrich 1980;
Southwick and Heldmaier, 1987; Wilson 1971).
Moreover, many honeybees will vacate the hive
and cluster outside the hive entrance when cooling
measures are insufficient. A sufficient number of
bees is retained within the nest to continue activity
supporting evaporation and ventilation (Southwick
and Heldmaier, 1987). If all of these behavioral
measures are insufficient as a response to heat
stress, further reallocation of labor will occur: the
additional labor needed for the heat stress response
of a hive is acquired by reallocating middle-aged
bees away from their current tasks (Johnson 2002).

Furthermore, honeybee workers can use aso-
cial homeostatic heat-shielding behavior to defend
against excessive local heat changes in hives
(Bonoan et al. 2014; Starks and Gilley 1999;
Starks et al. 2005). Specifically, young workers
have been observed to act as a heat shield by
placing their ventral surface against a potentially
over-heated brood comb or orienting their ventral
side directly against a heated surface to achieve
heat shielding, passively absorbing heat by estab-
lishing a physical barrier (Siegel et al. 2005;
Starks and Gilley 1999; Starks et al. 2005). Upon
absorbing heat, the next step of a heat-shielding
worker is to dissipate this heat. At least two mech-
anisms for heat dissipation have been reported:
pattern-rich dissipation and pattern-free dissipa-
tion (Bonoan et al. 2014). Pattern-rich heat dissi-
pation is characterized by a directed trend of
movement for the heated workers away from the
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heated region of a hive to other hive areas such as
pollen stores and honey, or even out of the hive
(Bonoan et al. 2014). With pattern-free heat dissi-
pation, there is no obvious trend in the direction of
movement of heated workers within the hive
(Bonoan et al. 2014). Workers can effectively
reduce the temperature of the brood comb back
to safe levels within 10 min (Bonoan et al. 2014).

4.1.2. Reducing heat stress during foraging

Beyond heat stress experienced in a hive, bees
also suffer from heat stress during foraging, with
especially evident heat-related risk to the thorax of
foragers. Thermoregulation of thoracic temperature
plays crucial roles in the ability of bees to fly
(Heinrich 1976; Roberts and Harrison 1999;

Souza-Junior et al. 2020). For example, the thoracic
temperature of both honeybees and bumblebees can
exceed 40 °C during flight (Heinrich 1976; Kovac
et al. 2018). Inappropriate regulation of thoracic
temperature will trigger heat stress of bees, particu-
larly for tropical bees for which ambient air temper-
atures are already high (Souza-Junior et al. 2020).

Bees have developed countermeasures to
prevent thorax overheating (Figure 1a)
(Bordier et al. 2017a; Roberts and Harrison
1999; Souza-Junior et al. 2020). Heated bum-
blebees (B. vosnesenskii ) can prevent
overheating of their thorax by transferring
thorax heat to the abdomen. Notably, when
heart function was made inoperative, this
thorax-to-abdomen heat transfer ability was
abolished (Heinrich 1976).

Figure 1. The defense strategies of bees to heat stress at the behavioral level (a ) and the molecular level (b ). a
Defense strategies at the behavioral level under heat stress. When the temperature of Apis mellifera hive exceeds the
normal optimum temperature range, workers can fan their wings, perform heat-shielding behavior to passively
absorb heat, dissipate heat through pattern-rich dissipation and pattern-free dissipation manners, and increase in
water-collecting foragers. When foragers suffer from heat stress during foraging, they present decrease in metabolic
heat production and increase in evaporative heat loss (A. mellifera ) and can transfer thorax heat to the abdomen
(Bombus vosnesenskii andMelipona subnitida ). b Defense strategies at the molecular level under heat stress. Heat
stress induces the expression of some members of heat shock protein (Hsp ) and nuclear factor Y (NF-Y ) gene
families. The accumulation of Hsp and NF-Y will promote the transcription of many heat-inducible genes and
antioxidant genes, which contributes to elevating the antioxidant capacity of bees and supports increased defense
against heat stress
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In stingless bees (M. subnitida ) in the Brazilian
tropical dry forest, increasing heat stress of the
thorax occurs alongside increasing flight distance.
When closest to the nest (15 m), foragers increase
heat dissipation from the thorax to the abdomen
and head with increasing foraging distance to
avoid overheated thoracic temperatures. Howev-
er, when relatively far away from the nest (100m),
M. subnitida cannot compensate for the elevated
heat gain in the abdomen and head, resulting in
temperature changes in these body parts (Souza-
Junior et al. 2020). For M. subnitida in the Bra-
zilian tropical dry forest to avoid heat stress, for-
aging close to the nest may be a useful behavior.

Furthermore, in A. mellifera , the dominant
mechanism of prevention of thorax overheating
during flight as air temperature increased from 33
to 45 °C is a decrease inmetabolic heat production
and an increase in evaporative heat loss (Roberts
and Harrison 1999). All these results indicate that
behavioral measures function in heat stress man-
agement of bees.

4.2. Molecular level

Bees not only respond to heat stress through
behavioral changes, they also enhance their heat
resistance by gene expression regulation. Under heat
stress, bees induce the expression ofmany key genes
and proteins, including Hsp, NF-Y, acetylcholines-
terase 1 (AchE1), and zinc finger protein (ZFP)
(Figure 1b) (Kim et al. 2019; Li et al. 2020a, b;
Ma et al. 2019; Zhang et al. 2014). In addition, heat
stress can cause the production of reactive oxygen
species (ROS). High levels of ROS will trigger
oxidative damage to organisms (Finkel and
Holbrook 2000; Slimen et al. 2014). Expression of
some genes can reduce ROS content and thereby
reduce the oxidative damage caused by heat, which
may increase the survival rate of bees under heat
stress (Figure 2) (Li et al. 2020a, b).

4.2.1. The role of Hsp in bee responses to
heat stress

Hsp are categorized into six classes, including
small Hsp (sHsp), Hsp40 (also known as DnaJ),
Hsp60, Hsp70, Hsp90, and Hsp100, according to

their molecular masses (King and MacRae 2015;
Ohama et al. 2017). Among these, Hsp40 is cate-
gorized into three subfamilies, including DnaJA,
DnaJB, and DnaJC (Craig et al. 2006; Craig and
Marszalek 2017; Kampinga and Craig 2010).

Hsp40 subfamily genes (DnaJA1 , DnaJB6 ,
DnaJB14 , DnaJC28 and DnaJ1 ) can be quickly
induced by heat stress in A. cerana cerana , while
DnaJB12 and DnaJC8 are induced during long-
term heat stress in A. cerana cerana (Li et al.
2020a). Silencing DnaJA1 , DnaJB12 , and
DnaJC8 causes A. cerana cerana to be more
sensitive to heat, indicating that DnaJA1 ,
DnaJB12 , and DnaJC8 may serve as positive
regulators of heat stress responses (Li et al.
2020a). Heat stress produces ROS, resulting in
increased oxidative damage to organisms (Finkel
and Holbrook 2000; Slimen et al. 2014). DnaJA1
can regulate the expression of many antioxidant
genes and heat stress response genes, thereby
improving the antioxidant ability of bees under
heat stress (Figure 2) (Li et al. 2020a). In addition,
several members of the sHsp subfamily
(Hsp22.6 ,Hsp23.0 , Hsp24.2 , andHsp27.6 ) also
participate in bee heat stress responses (Liu et al.
2012; Liu et al. 2014; Zhang et al. 2014). For
example, under heat stress conditions, the tran-
scription of Hsp22.6 is continually increased in
A. cerana cerana . Knockdown of Hsp22.6 sig-
nificantly reduces the survival of A. cerana
cerana under heat stress (Zhang et al. 2014),
indicating that upregulation of Hsp22.6 may in-
crease the tolerance of A. cerana cerana to heat.

Interestingly, recent studies have compared the
expression of Hsp in different A. mellifera subspe-
cies (Alqarni et al. 2019). When honeybees are
exposed to 40 °C, exotic European bee subspecies
(A. mellifera carnica and A. mellifera ligustica ) can
express Hsp70 , but the indigenous bee subspecies
(A. mellifera jemenitica ) does not express anyHsp .
When the temperature is raised to 45 °C, Hsp40 and
Hsp70 are expressed in A. mellifera carnica ; Hsp40 ,
Hsp60 , and Hsp70 are expressed in A. mellifera
ligustica , whereas A. mellifera jemenitica foragers
express only one Hsp (Hsp70 ) (Alqarni et al. 2019).
These results indicate that A. mellifera jemenitica for-
agers may be more tolerant to increased temperatures,
with their bodies requiring relatively reduced Hsp
expression levels to cope with heat stress.
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4.2.2. The functions of other genes in bee
heat stress responses

Beyond the Hsp , an increasing number of ap-
parently heat stress–related genes have been grad-
ually discovered. For example, the expression
levels ofNF-YA ,NF-YB , andNF-YC are induced

under long-term and short-term heat stress in
A. cerana cerana and A. mellifera . In A. cerana
cerana , knockdown of NF-YB and NF-YC de-
creases the antioxidant capacity and increases the
oxidative damage caused by heat. Upregulation of
NF-Y may increase the heat resistance of bees
under different heat stress conditions by reducing

Figure 2.Molecular mechanisms through which bees cope with different degrees of heat stress. Heat stress can
induce the production of reactive oxygen species (ROS), high levels of which can trigger oxidative damage to
organisms. Short-term heat stress upregulates some heat shock protein (Hsp ) family (such as DnaJA1) and other
types of proteins [such as nuclear factor YA, (NF-Ya)], which can accelerate the expression of many heat-inducible
genes (HS) and antioxidant genes (AO), thereby enhancing the antioxidant defense system (ADS), and then help
scavenge ROS and reduce the oxidative damage caused by heat stress, contributing to bee survival. Under long-term
heat stress conditions, a small number of heat stress regulators are not sufficient for bees to resist heat stress. Under
long-term stress, the expression of additional Hsp and other gene family members is upregulated, which in turn
scavenge ROS, enhance the antioxidant defense system of bees, and increase the survival rate of bees under heat
stress. If the duration is increased again, the balance between ROS overproduction and the antioxidant defense
system is disordered. Bees cannot bear this degree of heat stress and will die
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oxidative damage and enhancing antioxidant abil-
ity (Figure 2) (Li et al. 2020b). In addition, a
recent study reported that the expression of hon-
eybee AChE1 is significantly induced by heat
stress, and this induction degree is more apparent
in the abdomen than in the head (Kim et al. 2019).
A recent transcriptome study showed that the
mRNA levels of ZFP (such as ZFP271 , ZFP37 ,
ZFP239 , ZFP776 , and ZFP93 ) and serine/
threonine protein kinase (STK ) (such as STK-6 )
are regulated by high temperatures, indicating that
they may function in the response of bees to heat
stress (Ma et al. 2019).

5. THE CONNECTION BETWEEN
HEAT STRESS AND BIOTIC
STRESSES

It is worth mentioning that heat stress in bee-
hive can reduce the infection from viruses and
parasites (Palmer-Young et al. 2019;McMenamin
et al. 2020; Hoppe and Ritter 1987). For example,
high temperature can ameliorate infections of
Crithidia bombi to bumblebees, without apparent
damage to the major symbiont species in bumble-
bees. The infection intensity of C. bombi to bum-
blebees is reduced by over 80% between 21 and
37 °C (Palmer-Young et al. 2019). In addition,
high temperature confers bumblebee tolerance to
infection by Serratia marcescens , Klebsiella ,
Erwinia spp, Salmonella , Yersinia , and
Escherichia coli (Palmer-Young et al. 2019). It
has also been shown that heat responses can be
antiviral in A. mell i fera : heat-shocked
A. mellifera (42 °C for 4 h) can decrease levels
of a model virus (Sindbis-GFP) compared with
bees reared at 32 °C (McMenamin et al. 2020).
Deformed wing virus loads are significantly de-
creased under simulated heat waves in
A. mellifera (Bordier et al. 2017a). In honeybees,
heat is also used to kill Varroa by heat honeybee
hives (Hoppe and Ritter 1987; Rosenkranz et al.
2010). These results indicate that bumblebees and
A. mellifera may “benefit” from defending
against infection under heat stress to some extent.
However, the benefit of heat to defense against
infection also incurs costs, because heat stress has
adverse effects on immunocompetence, pollina-
tion services, task-related physiology, growth, and

development of bees (Alqarni 2020; Bordier et al.
2017b; Greenop et al. 2020; Medina et al. 2018).

6 . CONCLUSION AND FUTURE
DIRECTIONS

Heat stress affects the growth, development,
and foraging activity of bees and also increases
oxidative damage by promoting ROS generation,
thereby threatening the survival of bees (Alqarni
2020; Bordier et al. 2017b; Finkel and Holbrook
2000; Greenop et al. 2020). However, bees also
deploy defense systems against excessive ROS
content, thereby slowing the oxidative damage
caused by heat stress (Figure 2) (Li et al. 2020a,
b). With the intensification of climate change, the
defense capacity of some bee species may not
have been sufficient to maintain adequate adapta-
tion to the environment, which has contributed to
large declines in bee populations in many regions
(Kerr et al. 2015; Soroye et al. 2020). Therefore,
heat-resistance mechanisms should be investigat-
ed thoroughly to improve our knowledge about
heat-resistance mechanisms of bees.

Although the responses of bee to heat stress
have been studied for a long time, many outstand-
ing questions remain. First, bees are often chal-
lenged by heat stress along with other stresses,
such as pathogens and agrochemicals (Evans and
Schwarz 2011; Goulson et al. 2015; Lopez-Uribe
et al. 2020). Researchers should continue to iden-
tify the mechanisms underlying responses to heat
and other stressors in the future. In particular, the
discovery of genes that respond to both heat stress
and other stresses could indicate that bees may be
able to deal with simultaneous environmental
stresses. Second, because bees have different tol-
erances to heat stress at different developmental
stages (Alqarni et al. 2019; Jones et al. 2005; Kim
et al. 2019), further experiments can explore genes
and signal pathways involved in heat resistance at
various developmental stages of bees, which may
suggest stage-specific–targeted control strategies.
Third, although the effect of heat stress on bee
behavior is relatively clear (Bonoan et al. 2014;
Johnson 2002; Southwick and Heldmaier, 1987),
the molecular regulatory networks and neurolog-
ical components in bees underlying their re-
sponses to heat stress still require more study.
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Fourth, differences in the defense mechanisms of
bees to long-term vs. short-term heat stress and the
different tolerance ranges of different castes of
bees also need further study. Finally, given that
bees can thermoregulate reasonably well of their
hive, it will be fruitful to investigate how big the
risk of extreme heat events (heatwaves) actually is
to colonies and how hot does it have to be before
detrimental temperatures actually occur in a colo-
ny accompanied by climate change.

AUTHOR CONTRIBUTIONS

Xingqi Guo and Baohua Xu designed the work.
Hang Zhao, Xingqi Guo, and Baohua Xu wrote
the manuscript, and all the authors approved the
final version of the manuscript.

Funding

This work was financially supported the Shan-
dong Provincial Natural Science Foundation
(No. ZR2019MC050), the TaiShan Industrial Ex-
perts Programme (No. tscy20190102), and the
National Key Research and Development Pro-
gram of China (No. 2017YFE0129800).

Data availability

The datasets generated during and/or analyzed
during the current study are available from the
corresponding author on reasonable request.

COMPLIANCE WITH ETHICAL
STANDARDS

Conflict of interest The authors declare that there are no
conflicts of interest.

We declare that the manuscript has not been published
previously and is not currently submitted for review to
any other journal.

Mécanismes de réponse au stress thermique chez les
abeilles.

Abeilles / déclin de la population / stress thermique /
changement climatique / stratégies de défense.

Reaktionsmechanismen von Bienen gegenüber
Hitzestress.

Bienen / Populationsrückgang / Hitzestress /
Klimawandel / Abwehrstrategien

REFERENCES

Abou-Shaara HF, Al-Ghamdi AA, Mohamed AA (2012)
Tolerance of two honey bee races to various tempera-
ture and relative humidity gradients. Environ. Exp.
Biol. 10:133-138

Alattal Y, Alghamdi A (2015) Impact of temperature ex-
tremes on survival of indigenous and exotic honey bee
subspecies, Apis mellifera, under desert and semiarid
climates Bull. Insectol. 68:219-222

Alqarni, A.S. (2020) Differential Foraging of Indigenous
and Exotic Honeybee (Apis mellifera L.) Races on
Nectar-Rich Flow in a Subtropical Ecosystem Insects
11 https://doi.org/10.3390/insects11040254

Alqarni AS, Ali H, Iqbal J, Owayss AA, Smith BH (2019)
Expression of heat shock proteins in adult honey bee
(Apis mellifera L.) workers under hot-arid subtropical
ecosystems Saudi J. Biol. Sci. 26:1372-1376
https://doi.org/10.1016/j.sjbs.2019.08.017

Ashman TL, Knight TM, Steets JA, Amarasekare P, Wil-
sonWG (2004) Pollen limitation of plant reproduction:
ecological and evolutionary causes and consequences
Ecology 85:2408-2421

Becher MA, Scharpenberg H, Moritz RF (2009) Pupal devel-
opmental temperature and behavioral specialization of
honeybee workers (Apis mellifera L.) J. Comp. Physiol.
A Neuroethol. Sens. Neural. Behav. Physiol. 195:673-
679 https://doi.org/10.1007/s00359-009-0442-7

Benjamin FE, Winfree R (2014) Lack of pollinators limits
fruit production in commercial blueberry (Vaccinium
corymbosum). Environmental entomology 43:1574–
1583. https://doi.org/10.1603/EN13314

Bonoan RE, Goldman RR, Wong PY, Starks PT (2014)
Vasculature of the hive: heat dissipation in the honey
bee (Apis mellifera) hive Die Naturwissenschaften
101:459-465. https://doi.org/10.1007/s00114-014-
1174-2

Bordier C et al. (2017a) Colony adaptive response to sim-
ulated heat waves and consequences at the individual
level in honeybees (Apis mellifera) Sci. Rep. 7:3760
https://doi.org/10.1038/s41598-017-03944-x

Bordier C et al. (2017b) Stress response in honeybees is
associated with changes in task-related physiology and
energetic metabolism J. Insect Physiol. 98:47-54
https://doi.org/10.1016/j.jinsphys.2016.11.013

Campos L (1998)Melipona rufiventris Lepeletier, 1836. In:
Machado ABM, Fonseca GAB, Machado RB, Aguiar
LMS and Lins LV (eds) Livro Vermelho das Espécies

396 H. Zhao et al.

http://dx.doi.org/10.3390/insects11040254
http://dx.doi.org/10.1016/j.sjbs.2019.08.017
http://dx.doi.org/10.1007/s00359-009-0442-7
http://dx.doi.org/10.1603/EN13314
http://dx.doi.org/10.1007/s00114-014-1174-2
http://dx.doi.org/10.1007/s00114-014-1174-2
http://dx.doi.org/10.1038/s41598-017-03944-x
http://dx.doi.org/10.1016/j.jinsphys.2016.11.013


Ameaçadas de Extinção da Fauna de Minas Gerais
Biodiversitas, Belo Horizonte:560-561

Craig EA, Huang P, Aron R, Andrew A (2006) The diverse
roles of J-proteins, the obligate Hsp70 co-chaperone
Rev. Physiol. Biochem. Pharmacol. 156:1-21

Craig EA, Marszalek J (2017) How Do J-Proteins Get
Hsp70 to Do So Many Different Things? Trends
Biochem. Sci. 42:355-368 https://doi.org/10.1016/j.
tibs.2017.02.007

Deutsch CA, Tewksbury JJ, Huey RB, Sheldon KS,
Ghalambor CK, Haak DC, Martin PR (2008) Impacts
of climate warming on terrestrial ectotherms across
latitude Proc. Natl. Acad. Sci. U. S. A. 105:6668-
6672 https://doi.org/10.1073/pnas.0709472105

Evans JD, Schwarz RS (2011) Bees brought to their knees:
microbes affecting honey bee health TrendsMicrobiol.
19:614-620 https://doi.org/10.1016/j.tim.2011.09.003

Finkel T, Holbrook NJ (2000) Oxidants, oxidative stress
and the biology of ageing Nature 408:239-247
https://doi.org/10.1038/35041687

Goulson D, Nicholls E, Botias C, Rotheray EL (2015) Bee
declines driven by combined stress from parasites,
pesticides, and lack of flowers Science 347:1255957
https://doi.org/10.1126/science.1255957

Greenop A, Mica-Hawkyard N, Walkington S, Wilby A,
Cook SM, Pywell RF, Woodcock BA (2020) Equivo-
cal Evidence for Colony Level Stress Effects on Bum-
ble Bee Pollination Services Insects 11 https://doi.
org/10.3390/insects11030191

GrohC, Tautz J, RosslerW (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

Heinrich B (1976) Heat exchange in relation to blood flow
between thorax and abdomen in bumblebees J. Exp.
Biol. 64:561-585

Heinrich B (1980) Mechanisms of body-temperature regu-
lation in honeybees, Apis mellifera. II. regulation of
thoracic temperature at high air temperatures. J. Exp.
Biol. 85:73-87

Hoppe H, Ritter W (1987) Experiments using combined
heat therapy to control Varroa disease Apidologie
18:383-384

Hurley LL, McDiarmid CS, Friesen CR, Griffith SC, Rowe
M (2018) Experimental heatwaves negatively impact
sperm quality in the zebra finch Proc. Biol. Sci. 285
https://doi.org/10.1098/rspb.2017.2547

Johnson BR (2002) Reallocation of labor in honeybee
colonies during heat stress: the relative roles of task
switching and the activation of reserve labor Behav.
Ecol. Sociobiol. 51:188-196

Jones JC, Helliwell P, Beekman M, Maleszka R, Oldroyd
BP (2005) The effects of rearing temperature on de-
velopmental 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/s00359-005-0035-z

Jones JC, MyerscoughMR, Graham S, Oldroyd BP (2004)
Honey bee nest thermoregulation: diversity promotes
stability Science 305:402-404 https://doi.org/10.1126
/science.1096340

Kampinga HH, Craig EA (2010) The HSP70 chaperone
machinery: J proteins as drivers of functional specific-
ity Nature reviews Mol. Cell. Biol. 11:579-592
https://doi.org/10.1038/nrm2941

Kerr JT et al. (2015) CLIMATE CHANGE. Climate
change impacts on bumblebees converge across conti-
nents Science 349:177-180 https://doi.org/10.1126
/science.aaa7031

Kim S, Kim K, Lee JH, Han SH, Lee SH (2019)
Differential expression of acetylcholinesterase 1
in response to various stress factors in honey bee
workers Sci. Rep. 9:10342 https://doi.org/10.1038
/s41598-019-46842-0

King AM, MacRae TH (2015) Insect heat shock proteins
during stress and diapause Annu. Rev. Entomol.
60:59-75 https://doi.org/10.1146/annurev-ento-
011613-162107

Kovac H, Kafer H, Stabentheiner A (2018) The energetics
and thermoregulation of water collecting honeybees J.
Comp. Physiol. A Neuroethol. Sens. Neural. Behav.
Physiol. 204:783-790 https://doi.org/10.1007/s00359-
018-1278-9

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

Li G et al. (2020a) Analyses of the function of DnaJ family
proteins reveal an underlying regulatory mechanism of
heat tolerance in honeybee Sci. Total Environ.
7 1 6 : 1 3 7 0 3 6 h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j .
scitotenv.2020.137036

Li G, Zhao H, Guo H, Wang Y, Cui X, Xu B, Guo X
(2020b) Functional and transcriptomic analyses of the
NF-Y family provide insights into the defense mecha-
nisms of honeybees under adverse circumstances Cel-
lular and molecular life sciences : CMLS https://doi.
org/10.1007/s00018-019-03447-0

Li X et al. (2019) Tolerance and response of two honeybee
species Apis cerana and Apis mellifera to high temper-
ature and relative humidity PLoS One 14:e0217921
https://doi.org/10.1371/journal.pone.0217921

Liu Z, Xi D, Kang M, Guo X, Xu B (2012) Molecular
cloning and characterization of Hsp27.6: the first re-
ported small heat shock protein from Apis cerana
cerana Cell Stress Chaperones 17:539-551 https://doi.
org/10.1007/s12192-012-0330-x

Liu Z, Yao P, Guo X, Xu B (2014) Two small heat shock
protein genes in Apis cerana cerana: characterization,
regulation, and developmental expression Gene
5 4 5 : 2 0 5 - 2 1 4 h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j .
gene.2014.05.034

Lopez-Uribe MM, Ricigliano VA, Simone-Finstrom M
(2020) Defining Pollinator Health: A Holistic Ap-
proach Based on Ecological, Genetic, and Physiolog-
ical Factors Annu. Rev. Anim. Biosci. 8:269-294

Response mechanisms to heat stress in bees 397

http://dx.doi.org/10.1016/j.tibs.2017.02.007
http://dx.doi.org/10.1016/j.tibs.2017.02.007
http://dx.doi.org/10.1073/pnas.0709472105
http://dx.doi.org/10.1016/j.tim.2011.09.003
http://dx.doi.org/10.1038/35041687
http://dx.doi.org/10.1126/science.1255957
http://dx.doi.org/10.3390/insects11030191
http://dx.doi.org/10.3390/insects11030191
http://dx.doi.org/10.1073/pnas.0400773101
http://dx.doi.org/10.1073/pnas.0400773101
http://dx.doi.org/10.1098/rspb.2017.2547
http://dx.doi.org/10.1007/s00359-005-0035-z
http://dx.doi.org/10.1126/science.1096340
http://dx.doi.org/10.1126/science.1096340
http://dx.doi.org/10.1038/nrm2941
http://dx.doi.org/10.1126/science.aaa7031
http://dx.doi.org/10.1126/science.aaa7031
http://dx.doi.org/10.1038/s41598-019-46842-0
http://dx.doi.org/10.1038/s41598-019-46842-0
http://dx.doi.org/10.1146/annurev-ento-011613-162107
http://dx.doi.org/10.1146/annurev-ento-011613-162107
http://dx.doi.org/10.1007/s00359-018-1278-9
http://dx.doi.org/10.1007/s00359-018-1278-9
http://dx.doi.org/10.1007/s13592-014-0284-3
http://dx.doi.org/10.1016/j.scitotenv.2020.137036
http://dx.doi.org/10.1016/j.scitotenv.2020.137036
http://dx.doi.org/10.1007/s00018-019-03447-0
http://dx.doi.org/10.1007/s00018-019-03447-0
http://dx.doi.org/10.1371/journal.pone.0217921
http://dx.doi.org/10.1007/s12192-012-0330-x
http://dx.doi.org/10.1007/s12192-012-0330-x
http://dx.doi.org/10.1016/j.gene.2014.05.034
http://dx.doi.org/10.1016/j.gene.2014.05.034


https://doi.org/10.1146/annurev-animal-020518-
115045

Ma W, Li X, Shen J, Du Y, Xu K, Jiang Y (2019)
Transcriptomic analysis reveals Apis mellifera adapta-
tions to high temperature and high humidity
Ecotoxicol. Environ. Saf. 184:109599 https://doi.
org/10.1016/j.ecoenv.2019.109599

Marques RD, Lima MAP, Marques RD, Bernardes RC
(2020) A Spinosad-Based Formulation Reduces the
Survival and Alters the Behavior of the Stingless Bee
Plebeia lucii Neotrop. Entomol. 49:578-585
https://doi.org/10.1007/s13744-020-00766-x

Martinet B, Lecocq T, Smet J, Rasmont P (2015) A proto-
col to assess insect resistance to heat waves, applied to
bumblebees (Bombus Latreille, 1802) PLoS One
10:e0118591 https://doi.org/10.1371/journal.
pone.0118591

McAfee A et al. (2020a) Vulnerability of honey bee queens
to heat-induced loss of fertility Nat. Sustain. 3:367-376
https://doi.org/10.1038/s41893-020-0493-x

McAfee A, Milone J, Chapman A, Foster LJ, Pettis JS,
Tarpy DR (2020b) Candidate stress biomarkers for
queen failure diagnostics BMC Genomics 21:571
https://doi.org/10.1186/s12864-020-06992-2

McMenamin AJ, Daughenbaugh KF, Flenniken ML
(2020) The Heat Shock Response in the Western Hon-
ey Bee (Apis mellifera) is Antiviral Viruses 12
https://doi.org/10.3390/v12020245

Medina RG, Paxton RJ, De Luna E, Fleites-Ayil FA, Me-
dina Medina LA, Quezada-Euan JJG (2018) Develop-
mental stability, age at onset of foraging and longevity
of Africanized honey bees (Apis mellifera L.) under
heat stress (Hymenoptera: Apidae) J. Therm. Biol.
7 4 : 2 1 4 - 2 2 5 h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j .
jtherbio.2018.04.003

Medina RG, Paxton RJ, Hernandez-Sotomayor SMT,
Pech-Jimenez C, Medina-Medina LA, Quezada-Euan
JJG (2020) Heat stress during development affects
immunocompetence in workers, queens and drones
of Africanized honey bees (Apis mellifera L.) (Hyme-
noptera: Apidae) J. Therm. Biol. 89:102541 https://doi.
org/10.1016/j.jtherbio.2020.102541

Mora C et al. (2017) Global risk of deadly heat Nat. Clim.
Chang 7:501-507

Mora C et al. (2013) The projected timing of climate
departure from recent variability Nature 502:183-187
https://doi.org/10.1038/nature12540

Nicholson CC, Egan PA (2020) Natural hazard threats to
pollinators and pollination Glob. Chang. Biol. 26:380-
391 https://doi.org/10.1111/gcb.14840

Ohama N, Sato H, Shinozaki K, Yamaguchi-Shinozaki K
(2017) Transcriptional regulatory network of plant heat
stress response Trends Plant Sci. 22:53-65 https://doi.
org/10.1016/j.tplants.2016.08.015

Ollerton, Jeff (2017) Pollinator diversity: distribution, eco-
logical function, and conservation Annu. Rev. Ecol.
Evol. Syst. 48

Oyen KJ, Giri S, Dillon ME (2016) Altitudinal varia-
tion in bumble bee (Bombus) critical thermal limits

J. Therm. Biol. 59:52-57 https://doi.org/10.1016/j.
jtherbio.2016.04.015

Palmer-Young EC, Ngor L, Burciaga Nevarez R, Rothman
JA, Raffel TR, McFrederick QS (2019) Temperature
dependence of parasitic infection and gut bacterial
communities in bumble bees Environ. Microbiol.
21:4706-4723 https://doi.org/10.1111/1462-
2920.14805

Pereboom JJ, Biesmeijer JC (2003) Thermal constraints for
stingless bee foragers: the importance of body size and
coloration Oecologia 137:42-50 https://doi.
org/10.1007/s00442-003-1324-2

Pettis JS, Rice N, Joselow K, van Engelsdorp D,
Chaimanee V (2016) Colony Failure Linked to Low
SpermViability in Honey Bee (Apis mellifera) Queens
and an Exploration of Potential Causative Factors
PLoS One 11:e0147220 https://doi.org/10.1371/jour-
nal.pone.0147220

Potts SG, Biesmeijer JC, Kremen C, Neumann P,
Schweiger O, Kunin WE (2010) Global pollinator
declines: trends, impacts and drivers Trends Ecol.
Evol. 25:345-353 https://doi.org/10.1016/j.
tree.2010.01.007

Powney GD, Carvell C, Edwards M, Morris RKA, Roy
HE, Woodcock BA, Isaac NJB (2019) Widespread
losses of pollinating insects in Britain Nat. Commun.
10:1018 https://doi.org/10.1038/s41467-019-08974-9

Rasmont P, Franzén M, Lecocq T, Harpke A, Roberts
SPM, Biesmeijer JC, Castro L, Cederberg B, Dvorák
L, Fitzpatrick Ú, Gonseth Y, Haubruge E, Mahé G,
Manino A, Michez D, Neumayer J, Ødegaard F,
Paukkunen J, Pawlikowski T, Potts SG, Reemer M,
Settele J, Straka J, Schweiger O (2015) Climatic Risk
and Distribution Atlas of European Bumblebees.
Biorisk 10 (Special Issue), 246 pp. https://doi.
org/10.3897/biorisk.10.4749

Roberts SP, Harrison JF (1999) Mechanisms of thermal
stability during flight in the honeybee Apis mellifera
J. Exp. Biol. 202:1523-1533

Robinson GE (1987) Modulation of alarm pheromone per-
ception in the honey bee: evidence for division of labor
based on hormonall regulated response thresholds J.
Comp. Physiol. A. 160:613-619

Rosenkranz P, Aumeier P, Ziegelmann B (2010) Biology
and control of Varroa destructor J. Invertebr. Pathol.
103 Suppl 1:S96-119 https://doi.org/10.1016/j.
jip.2009.07.016

Sales K et al. (2018) Experimental heatwaves compromise
sperm function and cause transgenerational damage in
a model insect Nat. Commun. 9:4771 https://doi.
org/10.1038/s41467-018-07273-z

Seeley, T. (1985) Honeybee ecology: a study of adaptation
in social life Princeton University

Siegel AJ, Hui J, Johnson RN, Starks PT (2005) Honey bee
workers as mobile insulating units Insect. Soc. 52:242-
246

Slimen IB, Najar T, Ghram A, Dabbebi H, Ben Mrad M,
Abdrabbah M (2014) Reactive oxygen species, heat
stress and oxidative-induced mitochondrial damage. A

398 H. Zhao et al.

http://dx.doi.org/10.1146/annurev-animal-020518-115045
http://dx.doi.org/10.1146/annurev-animal-020518-115045
http://dx.doi.org/10.1016/j.ecoenv.2019.109599
http://dx.doi.org/10.1016/j.ecoenv.2019.109599
http://dx.doi.org/10.1007/s13744-020-00766-x
http://dx.doi.org/10.1371/journal.pone.0118591
http://dx.doi.org/10.1371/journal.pone.0118591
http://dx.doi.org/10.1038/s41893-020-0493-x
http://dx.doi.org/10.1186/s12864-020-06992-2
http://dx.doi.org/10.3390/v12020245
http://dx.doi.org/10.1016/j.jtherbio.2018.04.003
http://dx.doi.org/10.1016/j.jtherbio.2018.04.003
http://dx.doi.org/10.1016/j.jtherbio.2020.102541
http://dx.doi.org/10.1016/j.jtherbio.2020.102541
http://dx.doi.org/10.1038/nature12540
http://dx.doi.org/10.1111/gcb.14840
http://dx.doi.org/10.1016/j.tplants.2016.08.015
http://dx.doi.org/10.1016/j.tplants.2016.08.015
http://dx.doi.org/10.1016/j.jtherbio.2016.04.015
http://dx.doi.org/10.1016/j.jtherbio.2016.04.015
http://dx.doi.org/10.1111/1462-2920.14805
http://dx.doi.org/10.1111/1462-2920.14805
http://dx.doi.org/10.1007/s00442-003-1324-2
http://dx.doi.org/10.1007/s00442-003-1324-2
http://dx.doi.org/10.1371/journal.pone.0147220
http://dx.doi.org/10.1371/journal.pone.0147220
http://dx.doi.org/10.1016/j.tree.2010.01.007
http://dx.doi.org/10.1016/j.tree.2010.01.007
http://dx.doi.org/10.1038/s41467-019-08974-9
http://dx.doi.org/10.3897/biorisk.10.4749
http://dx.doi.org/10.3897/biorisk.10.4749
http://dx.doi.org/10.1016/j.jip.2009.07.016
http://dx.doi.org/10.1016/j.jip.2009.07.016
http://dx.doi.org/10.1038/s41467-018-07273-z
http://dx.doi.org/10.1038/s41467-018-07273-z


review Int. J. Hyperthermia 30:513-523 https://doi.
org/10.3109/02656736.2014.971446

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

Southwick E, Heldmaier, G. (1987) Temperature control in
honey bee colonies Bioscience 37:395–399

Souza-Junior JBF, Teixeira-Souza V, Oliveira-Souza A, de
Oliveira PF, de Queiroz J, Hrncir M (2020) Increasing
thermal stress with flight distance in stingless bees
(Melipona subnitida) in the Brazilian tropical dry for-
est: Implications for constraint on foraging range J.
Insect Physiol. 123:104056 https://doi.org/10.1016/j.
jinsphys.2020.104056

Stürup M, Baer-Imhoof B, Nash DR, Boomsma JJ, Baer B
(2013) When every sperm counts: factors affecting
male fertility in the honeybee Apis mellifera. Behav-
ioral Ecology 24(5):1192–1198. https://doi.
org/10.1093/beheco/art049

Starks PT, Gilley DC (1999) Heat shielding: A novel
method of colonial thermoregulation in honey bees
Naturheikunde 86:438-440 https://doi.org/10.1007
/s001140050648

Starks PT, Johnson RN, Siegel AJ, Decelle MM (2005)
Heat shielding: a task for youngsters. Behavioral Ecol-
ogy 16(1):128–132

Tautz J, Maier S, Groh C, Rossler W, Brockmann A (2003)
Behavioral performance in adult honey bees is influ-
enced 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

Theisen-Jones H, Bienefeld K (2016) The Asian honey bee
(Apis cerana) is significantly in decline Bee World
93:90-97

Vanderplanck M, Martinet B, Carvalheiro LG, 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/s41598-019-49025-z

Vanengelsdorp D et al. (2009) Colony collapse disorder: a
descriptive study PLoS One 4:e6481 https://doi.
org/10.1371/journal.pone.0006481

Vasiliev D, Greenwood S (2020) Pollinator biodiversity
and crop pollination in temperate ecosystems, implica-
tions for national pollinator conservation strategies:
Mini review. The Science of the total environment
7 4 4 : 1 4 0 8 8 0 . h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / j .
scitotenv.2020.140880

Vogt FD (1986) Thermoregulation in Bumblebee Colonies.
I. Thermoregulatory versus Brood-Maintenance Be-
haviors during Acute Changes in Ambient Tempera-
ture Physiol. Zool. 59:55-59

Wilson EO (1971) Social homeostasis and the superorgan-
ism. In: The insect societies. Harvard University Press,
Massachusetts

Xu Y, Ramanathan V, Victor DG (2018) Global warming
will happen faster than we think Nature 564:30-32
https://doi.org/10.1038/d41586-018-07586-5

Zambra E, Martinet B, Brasero N, Michez D, Rasmont P
(2020) Hyperthermic stress resistance of bumblebee
males: test case of Belgian species Apidologie
https://doi.org/10.1007/s13592-020-00771-4

Zhang Y, Liu Y, Guo X, Li Y, Gao H, Guo X, Xu B (2014)
sHsp22.6, an intronless small heat shock protein gene,
is involved in stress defence and development in Apis
cerana cerana Insect Biochem. Mol. Biol. 53:1-12
https://doi.org/10.1016/j.ibmb.2014.06.007

Zou Y, Xiao H, Bianchi FJ, Jauker F, Luo S, van der Werf
W (2017) Wild pollinators enhance oilseed rape yield
in small-holder farming systems in China. BMC ecol-
ogy 17:6. https://doi.org/10.1186/s12898-017-0116-1

Publisher’s note Springer Nature remains neutral
with regard to jurisdictional claims in published maps
and institutional affiliations.

Response mechanisms to heat stress in bees 399

http://dx.doi.org/10.3109/02656736.2014.971446
http://dx.doi.org/10.3109/02656736.2014.971446
http://dx.doi.org/10.1126/science.aax8591
http://dx.doi.org/10.1126/science.aax8591
http://dx.doi.org/10.1016/j.jinsphys.2020.104056
http://dx.doi.org/10.1016/j.jinsphys.2020.104056
http://dx.doi.org/10.1093/beheco/art049
http://dx.doi.org/10.1093/beheco/art049
http://dx.doi.org/10.1007/s001140050648
http://dx.doi.org/10.1007/s001140050648
http://dx.doi.org/10.1073/pnas.1232346100
http://dx.doi.org/10.1038/s41598-019-49025-z
http://dx.doi.org/10.1038/s41598-019-49025-z
http://dx.doi.org/10.1371/journal.pone.0006481
http://dx.doi.org/10.1371/journal.pone.0006481
http://dx.doi.org/10.1016/j.scitotenv.2020.140880
http://dx.doi.org/10.1016/j.scitotenv.2020.140880
http://dx.doi.org/10.1038/d41586-018-07586-5
http://dx.doi.org/10.1007/s13592-020-00771-4
http://dx.doi.org/10.1016/j.ibmb.2014.06.007
http://dx.doi.org/10.1186/s12898-017-0116-1

	Response mechanisms to heat stress in bees
	Abstract
	Introduction
	The effect of species and body size on bee tolerance to heat
	Detrimental impacts of heat stress on bees
	Strategies used by bees to defend against heat stress
	Behavioral levels
	Decreasing hive temperature
	Reducing heat stress during foraging

	Molecular level
	The role of Hsp in bee responses to heat stress
	The functions of other genes in bee heat stress responses


	The connection between heat stress and biotic stresses
	Conclusion and future directions
	References


