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Abstract – Honeybees are very sensitive to their breeding temperature. Even slightly lower temperatures during
larval development can significantly affect adult behavior. Several devices which are employed for killing the
honeybee ectoparasite Varroa destructor rely on short-term hyperthermia in the honeybee hive. The device used
here applies 43.7 °C for 2 h, which is highly effective in killing the mites. We study how short-term hyperthermia
affects worker brood and behavior of emerging adult bees. Sucrose responsiveness was strongly reduced after
treatment of larvae early or late of larval development. Hyperthermia significantly enhanced life span, particularly in
bees receiving treated early in larval development. To ask whether increased life span correlated with foraging
performance, we used radio frequency identification (RFID). Onset and offset of foraging behavior as well as
foraging trip duration and lifetime foraging effort were unaffected by hyperthermia treatment as prepupa.

temperature /Varroa destructor / worker behavior /Apismellifera / RFID

1. INTRODUCTION

Significance statement
Hyperthermia is an effective tool against
Varroa destructor in honeybee hives. Sur-
prisingly little is known on the effects of this
treatment on honeybee workers. We show
that hyperthermia treatment early in the lar-
val stage can have a life-prolonging effect
on worker bees without negative effects on
foraging behavior. However, sucrose re-
sponsiveness is reduced after the treatment.
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The ectoparasitic mite Varroa destructor is the
most important single driver of honeybee colony
losses worldwide (Rosenkranz et al. 2010). The
mites develop in drone and worker brood but
prefer drone brood because of the lower tempera-
ture in the nest periphery and the longer develop-
ment of drone brood (Kraus et al. 1998).
V. destructor mites do not only debilitate honey-
bee development by feeding on their fat reserves
(Ramsey et al. 2019), but can transmit a number of
viruses which, for example, lead to the deforma-
tion of abdomen or wings (deformed wing virus,
De Jong et al. 1982), or reduce lifetime (Schneider
and Drescher 1987). Naturally, there is a great
interest in methods to prevent these mites from
growing and reproducing in honeybee colonies.

An alternative to chemical treatment of
V. destructor mites, which has become quite
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popular in the last decades, is short-term hyperther-
mia treatment of honeybee brood. Bees and mites
differ in their sensitivity for rising temperatures
(Engels 1998). Hyperthermia is a method in which
the whole bee colony or only the sealed brood
combs are exposed to higher temperatures which
are lethal for the mites but not fatal for honeybees,
in particular for the brood (41–44 °C, Rosenkranz
1987; Engels 1998; Harbo 2000; Tabor and Am-
brose 2001; for review, see Rosenkranz et al. 2010;
Goras et al. 2015). Naturally, temperature prefer-
ences of honey bees also depend on the subspecies
(Kovac et al. 2014). There are different hyperther-
mia devices on the market which employ the same
principle but differ in their application. One of
them is the Silent Future Tec Varroa Kill II©. We
used this device to investigate effects of short-term
hyperthermia early in honeybee development on
adult worker bees.

Deviations from normal temperature during
larval development can lead to altered phenotypes
and behaviors, malformations, and increased mor-
tality (Himmer 1932; Medina et al. 2018). Fur-
thermore, it can have huge effects on adult behav-
ioral performance such as dancing, learning and
division of labor in honeybees (Tautz et al. 2003;
Groh et al. 2004; Becher et al. 2009), on the color
of emerging bees (DeGrandi-Hoffman et al.
1993), and on wing morphology (Ken et al.
2005). During the pupal phase, honeybees are
particularly sensitive to shifts in temperature, be-
cause in this developmental period, the larval
nervous system is completely remodeled to ac-
commodate the changes in sensory and motor
systems associated with the transition from a larva
to an adult insect. Brood nest temperature is there-
fore tightly regulated by worker bees (Bujok et al.
2002; Kleinhenz et al. 2003; Fehler et al. 2007;
Stabentheiner et al. 2010).

To ask whether hyperthermia treatment af-
fects sensory responsiveness of adult honeybee
workers, we tested their sucrose responsive-
ness. Individual sucrose responsiveness has
been shown to be strongly correlated with
non-associative and associative learning behav-
ior (Scheiner et al. 1999, 2001a, b, 2003, 2004,
2005; Scheiner and Erber 2009; Behrends and
Scheiner 2012), with responsiveness to pollen
(Scheiner et al. 2004), and serves as a general

indicator of the physiological state of the bee
(Scheiner and Erber 2009; Scheiner et al.
2013).

Because brood nest temperature can have large
effects on life expectancy and division of labor in
honeybee workers (Becher et al. 2009), we also
tested whether short-term hyperthermia would af-
fect these parameters. With respect to division of
labor, we focused on the initiation of foraging
activity as the most drastic and best-studied
change in worker behavior (Amdam and
Amdam and Omholt 2003; Herb et al. 2012) using
radio frequency identification (RFID) and looked
for possible interactions between hyperthermia,
onset of foraging, and life span.

2. MATERIAL AND METHODS

2.1. Source of bees

The experiments were performed in the sum-
mer of 2017 with colonies of Apis mellifera
carnica . All colonies were maintained at the Ba-
varian State Institute for Viticulture and Horticul-
ture, Institute for Bee Research and Beekeeping,
Veitshöchheim, Germany.

2.2. Age groups tested

In the first experiment on sucrose responsive-
ness, we tested 13 age cohorts which had received
hyperthermia treatment at different larval stages
from early to late larval development. Because
individual sucrose responsiveness is a robust indi-
cator of the general physiological state of a honey-
bee (Scheiner et al. 2013), we chose this test to get
a first impression of overall effects of hyperthermia
on honeybees. In the subsequent experiment on
mortality, we focused on the two age groups which
showed the most dramatic effects of hyperthermia
on sucrose responsiveness, i.e., bees treated on day
1 and those treated on day 11 of larval develop-
ment, to ask if a reduced sucrose responsiveness is
an indicator of a higher risk for mortality.

In the final experiment investigating the forag-
ing activity of individual bees following hyper-
thermia treatment, we decided to focus on the age
group in which hyperthermia significantly in-
creased life span in both replicates, because we
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asked if a prolonged life span would reduce life-
time foraging activity. This was the group of bees
which had received hyperthermia treatment very
early in development, i.e., on day 1.

2.3. Hyperthermia treatment

Treatments were performed with the Silent Fu-
ture Tec Varroa Kill II© (Figure 1a, b) and carried
out in a boxwith eight frames. The Silent Future Tec
Varroa Kill II© was placed in the center of the hive
to achieve an optimal air flow (Figure 1b). Accord-
ing to the manufacturer’s instructions, the tempera-
ture gradually rose from approximately 20 °C until
43.7 °C, which was reached after 15–30 min. This
temperature was maintained for 108 min, before
temperature fell down gradually to ambient temper-
ature. In each experiment, one frame with larvae of
mixed or specific age was treated.

2.4. Raising of bees

In our first experiment analyzing sucrose re-
sponsiveness, we treated worker brood of mixed
ages with hyperthermia. After hyperthermia treat-
ment, treated brood combs and control brood
combs were placed in a foster colony for rearing.
Foster colonies were treated against Varroa
destructor in advance to make sure that afterwards
dead mites only came from heat-treated brood.
FromAugust on, we returned treated brood combs
into the donor colonies, because foreign brood

would have been destroyed otherwise. Control
brood combs were kept under normal hive condi-
tions and did not receive a hyperthermia treatment.
After the brood cells were capped, the brood
combs were transferred to an incubator (34.5 °C,
50–70% relative humidity) within a wooden cage
with a window to observe when the first bees
began to hatch. The cage was controlled daily.

After hatching, bees were marked with shellac
and pigments according to their hatching date and
group. Based on the hatching date, we calculated the
age during which the treatment had been performed
with the respective larvae.Marked bees and controls
were transferred into a mini-plus colony unless
stated otherwise. The mini-plus colony contained
12 frames (each 20 cmwide and 14 cm in height) in
two boxes, one mated queen, and workers. After
1 week, control bees and treated bees were re-
collected from the hive and tested for their behavior.

2.5. Quantification of individual sucrose
responsiveness

Individual sucrose responsiveness has proved
to be a reliable indicator of the behavioral and
physiological state of a honeybee (Scheiner et al.
2004; Rueppell et al. 2006; Becher et al. 2009;
Behrends and Scheiner 2012). To identify at
which larval age hyperthermia might have the
strongest effects on honeybee behavior, we
employed the sucrose responsiveness assay de-
scribed elsewhere (Behrends and Scheiner 2010,

Figure 1. a The Silent Future Tec Varroa Kill II© device placed inside a honeybee hive. b The heating unit of the
Silent Future Tec Varroa Kill II© is placed on top of brood combs.
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2012; Scheiner et al. 2013). In brief, 1-week-old
bees (control bees and hyperthermia-treated bees)
were collected from their colony and were
immobilized and mounted individually. The ex-
perimenter was not blind to the treatment groups
during preparations for the experiment, but bees
from different treatment groups were placed in
random order during testing. Then each bee was
stimulated with a series of increasing sucrose con-
centrations at its antennae and the occurrence of
the proboscis extension response was recorded for
each concentration. The sum of responses to water
and six different sucrose concentrations consti-
tutes the gustatory response score (GRS) of a
bee and is a measure for its overall responsiveness
(Scheiner et al. 2013).

2.6. Mortality

For this experiment, we decided to focus on
two stages in the development of bee brood: day 1
and day 11, because they display two completely
different developmental stages and because they
showed the strongest effects of hyperthermia on
sucrose responsiveness (see Section 3).

After hatching, 50 bees of each treatment group
were placed into a cage with a piece of wax

foundation on the back side. Bees had food ad
libitum (Apiinvert© (73% sugar, 27% water),
mixture of honey/pollen). Cages were kept in an
incubator at 30 °C (Himmer 1932; Paxton et al.
2007), relative humidity was held at 50–70%
(OECD 1998). Mortality was recorded for
4 weeks. We analyzed two replicates of each
treatment group (treatment on day 1 and on day
11, both experiencing the same exposure time)
and respective controls.

2.7. Tracking of individual foraging
behavior

To quantify effects of hyperthermia treatment
on lifetime foraging performance and to analyze
onset and end of foraging as well as trip duration,
we used RFID of individual foragers (MAJA
Bundle Bee Identification System: iID2000
ISO15693 optimized, microsensys GmbH, Erfurt,
Germany). For this purpose, we marked newly
emerged bees individually with passive RFID tags
and by color (Nunes-Silva et al. 2018). Each tag
had a unique identification number. We placed
two readers at the hive entrance, thereby allowing
us to identify the direction of movement. We used
a control group and a treatment group. In the

Table I.Age at larval treatment, number of bees tested for gustatory responsiveness, Z value, and P value of Mann-
Whitney U test

Age (days) No control bees No hyperthermia bees Z value P value

1 169 168 5.82 < 0.0001

2 50 46 1.11 0.27

3 45 37 4.19 < 0.0001

4 33 51 0.14 0.89

5 39 60 0.93 0.35

6 46 53 1.80 0.07

7 19 52 0.99 0.32

8 29 95 2.31 0.02

9 39 71 5.54 < 0.0001

10 82 12 0.30 0.77

11 96 88 10.17 < 0.0001

12 47 48 0.41 0.68

13 126 59 1.51 0.13

Significant differences between groups are given in italics
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treatment group, bees had been treated with hy-
perthermia for 2 h at day 1 of larval development.
This was the age group with the largest overall
effects on behavior and life span. Bees were
placed in a mini-plus-colony with two boxes. To
make sure that the bees were accepted by the
colony, we used thyme spirit to negate foreign
odors and frame cages. Acceptance rate of the
200 RFID-tagged bees treated with hyperthermia
and the 200 tagged control bees in the hive was
about 50% and did not differ between
hyperthermia-treated bees and controls
(P > 0.05, Fisher Exact Probability Test).

Bees which only left the hive once were excluded
from analysis, because we assume they left the hive
to die outside or were not accepted by the colony and
were pushed outside. We defined a foraging trip as a
bee being outside the hive for more than 180 s.
Initiation of foraging was defined as follows: when
a bee left the hive for two trips on 1 day, this day was
counted as day of initiation of foraging.Alternatively,
when a bee left the hive for one trip on 1 day and for
one or more trips on a subsequent day, the first day
was counted as the day of onset of foraging. When
more than 1 day lay between the first and the second
foraging trips, the second day was regarded as onset
of foraging. Further, we measured the duration of
foraging trips per bee per day to get an estimate of
flight intensity for the different treatment groups. We
defined the end of foraging as the last time a bee was
detected. If the beewas detectedwithin the last 3 days
of the experiment, data were censored in further
statistical analysis regarding the end of foraging.
Flight behavior was recorded for 56 days.

2.8. Statistical analysis

We evaluated results with SPSS 24.0 (IBM,
Armonk, NY USA) and GraphPad PRISM 7
(GraphPad Software, La Jolla, USA). GRS of the
different groups were not distributed normally (P <
0.001, two-tailed Kolmogorov-Smirnov test).
Hyperthermia-treated bees and control bees of the
same treatment age were therefore compared for
their GRS using two-tailed Mann-Whitney U tests.
Effects of hyperthermia treatment on responses to
each sucrose concentration (scored as a binary re-
sponse, i.e., full proboscis extension or not) were
analyzed using binary logistic regression (log regr.

generalized linear model, response variable: re-
sponse to sucrose; predictor variable: treatment, link
function: g (μ ) = log(μ /(1 −μ ))). For survival anal-
ysis between hyperthermia-treated bees and con-
trols, we performed Kaplan-Meier statistics and log
rank tests. These tests were also applied for compar-
ing onset and end of foraging between the treatment
groups. Duration of foraging trips during the lifetime
of foragers was compared between the different
treatment groups using repeated measurement anal-
ysis of variance (RM ANOVA), with day as within-
subject factor and treatment as between-subject fac-
tor. Lifetime foraging duration and lifetime foraging
effort were compared between groups using Man-
Whitney U tests, because data were not distributed
normally. Acceptance rate of bees introduced in the
hive was compared between treatment groups using
Fisher Exact Probability Tests.

3. RESULTS

3.1. Sucrose responsiveness

When tested at the age of 1 week old, bees
responded significantly less frequently to a series
of increasing sucrose concentrations when they
had experienced hyperthermia on day 1, 3, 8, 9,
or 11 of their larval development, which resulted
in significantly lower gustatory response scores
(Figure 2a; day 1, egg: Z = 5.82, P < 0.001; day
3, hatching of egg: Z = 4.19, P < 0.001; day 8,
larva: Z = 2.31, P < 0.05; day 9, larva: Z = 5.12,
P < 0.001; day 11, prepupa: Z = 8.48, P < 0.001).
This demonstrates that hyperthermia can reduce
responsiveness to sugars, depending on time of
treatment.

For a detailed picture of the effects of hyper-
thermia on sucrose responsiveness early in devel-
opment (day 1) and late in larval development
(day 11), we show the sucrose-concentration-
response curves of the two treatment groups for
adult bees (Figure 2b, c). All bees were generally
more responsive to higher sucrose concentrations
than to lower concentrations. Hyperthermia-
treated bees were significantly less responsive
than controls both when they had been treated
on day 1 (Figure 2b; χ 2 = 110.75, P < 0.001,
log. regr.) or on day 11 (Figure 2c; χ 2 = 97.56,
P < 0.001).
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3.2. Mortality

Hyperthermia significantly affected mortality
in caged bees. Both replicates treated with hyper-
thermia on day 1 (“H1”) displayed a significantly
enhanced life span (Figure 3a, b; χ 2 = 19.27,

P < 0.001 and χ 2 = 6.99, P < 0.01, log rank test).
Hyperthermia treatment on day 11 (“H11”) in-
creased life span in one out of two replicates
(Figure 3c; χ 2 = 6.18, P < 0.05 and Figure 3d;
χ 2 = 0.66, P > 0.05).

Figure 2. a Gustatory response scores (GRS) of control bees (white) and bees treated with hyperthermia at different
larval stages (gray). All bees were between 6 and 8 days of age during testing for GRS. Median GRS, indicated by a
dot, and 25 and 75% quartiles (lower and upper lines, respectively) are displayed. Significant differences between
the treatments per age cohort of treatment are indicated (*P < 0.05, ***P ≤ 0.001, Mann-Whitney U test). Further
details on statistical results and number of bees see Table I. b , c Sucrose-concentration-response curves of bees
treated with hyperthermia at day 1 (b ) or at day 11 (c ) of larval development (gray) and of control bees (white).
Whereas control bees showed average responsiveness to water and increasing sucrose concentrations, responsive-
ness was strongly reduced in bees treated with hyperthermia on day 1 or day 11. Significant differences between
groups are indicated by their P values (log. regr.). Numbers of bees tested in each group are displayed in brackets
behind treatment.
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3.3. Effects of hyperthermia on flight and
foraging behavior

Hyperthermia treatment did not affect the timing
of the nurse-forager transition. Both hyperthermia-
treated bees and control bees started flying out
around day 6. Neither onset of flight nor end of
foraging flights differed between hyperthermia-
treated bees and controls (onset: Figure 4a, χ 2 =
0.14, P > 0.05; offset: Figure 4b, χ 2 = 0.11,
P > 0.05, log rank test). Foraging life span also did
not differ between the two groups (data not shown;
Z = 1.37, n control = 134, n hyperthermia = 139,
P > 0.05, two-tailed Mann-Whitney U test).

In addition, duration of foraging flights over
lifetime was not affected by treatment, although
trip duration was significantly affected by time

(treatment: F (1,277) = 0.33, P > 0.05; time:
F (55,14.905) = 26.98, P < 0.001, RM ANOVA).
Lifetime foraging effort, i.e., the total number of
foraging flights per bee, was also unaffected by
treatment (data not shown; Z = 0.03, n control =
134, n hyperthermia = 139, P > 0.05; two-tailed
Mann-Whitney U test). These data suggests that
hyperthermia at larval state has no effects on flight
performance or lifetime foraging duration.

4. DISCUSSION

4.1. Sucrose responsiveness

Hyperthermia led to a reduced adult sucrose
responsiveness when applied at different develop-
mental stages. All of our bees tested were
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Figure 3. Survival of bees after early (day 1) or late (day 11) treatment of hyperthermia during pupal development.
a , b Survival of control bees (black line, “control”) and bees treated on day 1 (gray line, “H1”) with hyperthermia in
two replicates. c , d Survival of control bees and bees treated on day 11 (“H11”) with hyperthermia in two replicates.
In both replicates with 50 bees of each treatment, bees treated with hyperthermia on day 1 survived significantly
longer than respective controls (P at least < 0.01, log rank test). When hyperthermia treatment was applied on day
11, survival was significantly longer than that of the control group in replicate 1 (P < 0.05) and did not differ from
the control in replicate 2.
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maintained in small colonies and had constantly
access to food. We can therefore exclude the pos-
sibility that different treatment groups had differ-
ent sucrose responsiveness due to hunger. Since
sucrose responsiveness also varied in controls,
comparisons are only appropriate between each
control group and the corresponding hyperthermia
group. Overall, there was only 1 day in which the
sucrose responsiveness of the control bees
showed the trend to be lower than that of the
hyperthermia group. In all of the other compari-
sons, the hyperthermia group was either signifi-
cantly less responsive than the control group or
did not differ from the control (Figure 2a).

Sucrose responsiveness was specifically reduced
when hyperthermia treatment was performed very
early in development (i.e., day 1 or 3) or shortly
before or at the beginning of the pupal stage (day
8, 9, or 11). In how far this change in sensory
responsiveness has further consequences for be-
havioral decisions is an open question.

4.2. Possible consequences for learning
performance and foraging behavior

It has been shown that sucrose responsiveness
of 1-week-old bees correlates with their probabil-
ity of later becoming a pollen, nectar, or water

Figure 4. Onset of foraging (a ) and end of foraging (b ) in control bees (black line) and hyperthermia (day 11)
treated bees (gray line). Both groups did not differ in the onset or end of foraging (Kaplan-Meier with log rank test
P > 0.05). c Trip duration of foragers treated with hyperthermia on day 1 (black) and control bees (gray). Mean trip
durations are displayed. Trip duration did not differ between both treatment groups.
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forager (Pankiw and Page 2000). Based on our
results, we hypothesize that a higher number of
hyperthermia-treated bees than of control bees will
become nectar foragers later in life, due to their
reduced sucrose responsiveness. For the same rea-
sons, it is further conceivable that among the group
of nectar foragers, individuals which had received
hyperthermia treatment at larval age later become
less responsive nectar foragers than control bees.

Nectar comprises different plant sugars and is an
important stimulus for honeybees, because it is
their main source of carbohydrates. Honeybees
need to evaluate the sucrose concentration of a
nectar source using their gustatory sense. The sugar
concentration of a food resource plays a key role in
the decision to return to this nectar source and in
the decision to perform a waggle dance to inform
nest mates about this resource (Seeley 1995). Thus,
a reduced sucrose responsiveness might result in a
modified evaluation of a food resource and in a
possible neglect of profitable food sources.

Profitability of a nectar source is also assessed by
the receiver bees in the hive, which unload foragers
faster when they return with nectar of higher quality
(Seeley 1989). The unloading time is dependent on
the sucrose response threshold of a receiver bee,
which, in turn, is modulated by the sugar concentra-
tion of nectar circulating in the colony (Pankiw et al.
2004). A reduced sucrose responsiveness of a re-
ceiver may thus have direct consequences for the
foraging behavior of numerous hive mates. These
points suggest that a reduced sucrose responsiveness
at foraging stage, induced by short-term hyperther-
mia at larval stage, might affect important foraging-
related decisions of honeybees. Further experiments
have to test this hypothesis.

Sucrose responsiveness further correlates with
individual learning performance under laboratory
conditions. A low responsiveness normally corre-
lates with a reduced learning performance (Scheiner
et al. 2001a, 2001b, 2003, 2005, 2013). Learning
performance of free-flying nectar foragers was sim-
ilarly shown to correlate with their acceptance of
high and low sucrose concentrations in the field
(Mujagic et al. 2010). Based on our experiments
on sucrose responsiveness, we hypothesize a lower
learning performance of foragers. This is in direct
contradiction to the findings by Tautz et al. (2003)
who showed that slightly warmer temperatures

(36 °C in the brood nest) can lead to a better short-
term learning performance of adult bees. We con-
clude that even slight temperature changes (in our
case higher temperatures) during larval stage can
have very different effects on the learning perfor-
mance of the bees when they have become foragers.
Therefore, the role of temperature shifts during lar-
val development for later learning performance de-
servesmore detailed examination including different
temperature regimes.

4.3. Life span and social organization

Our results show a significant positive effect of
hyperthermia on life span in cages. Bees treated
early in larval development (day 1) displayed a
significantly enhanced life span in both replicates.
Those treated at the beginning of the pupal phase
(day 11) showed an enhanced life span in one
replicate but not in the other. Hyperthermia thus
had a life-enhancing effect on honeybeeworker bees
confined in cages. It is not surprising that our caged
bees generally showed a lower mortality than hive
bees, because they were well provided with food
andwere unable to undertake foraging flights, which
typically leads to higher mortality (Visscher and
Dukas 1997). This was true for the control bees as
well as for the hyperthermia-treated bees. But our
experiments provide the first hint that hyperthermia
or short-term thermal stress may enhance life span.
Interestingly, thermal stress such as was applied in
our experiments does not always lead to an en-
hanced life span in honeybees but can have the
opposite effect. This was demonstrated in experi-
ments by Medina et al. (2018) who repeatedly ap-
plied thermal stress to larvae of Africanized honey-
bees, resulting in a reduced life span. The difference
in the application of heat stress between both exper-
iments lies in the fact that we only treated larvaewith
hyperthermia once, while Medina et al. (2018) treat-
ed them repeatedly over the course of 1 week. In
addition, Medina et al. studied Africanized honey-
bees, while we investigated a European honeybee
subspecies. The number of heat stress applications
may be very important for reducing or enhancing
life span of honeybee foragers, possibly through
differential effects on the expression of heat shock
proteins. In fruit flies, heat shock proteins are not
only decisive for conferring resistance to heat and
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other stresses but also enhance life span (Morrow
and Tanguay 2003). Similar relationships were dem-
onstrated in Caenorhabditis elegans (Cypser and
Johnson 2002) and can be assumed for honeybees.
In adult honeybees, temperature treatments of 40
and of 45 °C were shown to induce the expression
of different heat shock proteins (Alqarni et al. 2019).
We assume that honeybee larvae already possess
functional heat shock proteins whose expression
might be induced through short-term hyperthermia
such as performed in our experiments. The increased
expression of heat shock proteins early in larval
development may, in turn, enhance life span. Re-
peated thermal shocks, in contrast, may induce a
different effect on gene expression. An alternative
explanation for the different results of Medina et al.
(2018) and our results is that the adaptation of
Africanized honeybees and European honeybee
subspecies to different temperatures in the course
of evolution may have shaped the response to ther-
mal stress and the expression of heat shock proteins.
In fact, the same thermal stress regime induced a
differential expression of heat shock proteins in
Africanized bees and European honeybee subspe-
cies (Alqarni et al. 2019). The intriguing yet fasci-
nating relationship between thermal stress, heat
shock proteins, and life expectancy certainly de-
serves further attention and requires more controlled
studies in the honeybee.

In our experiment, the one-time hyperthermia
application may also have been sufficient to up-
regulate the egg yolk precursor protein vitellogen-
in, as has been shown by Bordier et al. (2017).
This protein plays a major role in the enhanced
longevity of queens and worker bees (Corona
et al. 2007; Nelson et al. 2007). Also, short-term
hyperthermia may have reduced viral loads with-
out increasing stress levels (such as occurs after
long-term or repeated thermal stress (Bordier et al.
2017)), thereby enhancing life span.

In contrast to hyperthermia, the effects of re-
duced temperatures during development appear to
be much clearer. Lower temperatures during larval
development generally increased mortality (Wang
et al. 2016), severely affected behavior (Tautz et al.
2003; Jones et al. 2005; Becher et al. 2009; Abou-
Shaara et al. 2017), and made bees more suscepti-
ble to pesticides (Medrzycki et al. 2010) and infes-
tation by parasites (McMullan and Brown 2005).

In honeybees, individual lifespan is strongly
affected by the age of first foraging (Rueppell
et al. 2007, 2008). The enhanced life span of our
hyperthermia-treated bees may therefore coincide
with a prolonged time as nurse bees and a later
initiation of foraging behavior. The reduced su-
crose responsiveness of hyperthermia-treated bees
(our first experiment) indeed suggests a slower
development from nurse bee into foragers, because
sucrose responsiveness increases when nurse bees
become foragers (Scheiner et al. 2017a, 2017b;
Thamm et al. 2018). We therefore asked whether
hyperthermia-treated bees would initiate foraging
activity later than control bees using RFID technol-
ogy. Our data indicate no effect of treatment on the
initiation or ending of flight activity. The duration
of foraging trips also did not differ between treat-
ment groups. These results suggest that foraging
behavior was unaffected by hyperthermia early in
development. Our results therefore support the hy-
pothesis that hyperthermia can increase life span
without negatively affecting foraging performance
and therefore without enhancing the time spent as
hive bee.

5. CONCLUSIONS

Our data show that hyperthermia has slight side
effects on honeybee workers, i.e., a reduced sucrose
responsiveness, when brood was heat-shocked very
early or late in development. Because we cannot
state with certainty that these effects on sucrose
responsiveness may affect behaviors such associa-
tive learning or food choice by nectar foragers later
in life, we suggest treating honeybee brood not
during these developmental stages, if possible. This
could be achieved by caging the queen for the
period prior to hyperthermia treatment to gain brood
of known age. Apart from these effects on sucrose
responsiveness with unknown consequences for be-
havioral decisions, we believe hyperthermia treat-
ment is an excellent method for treating honeybee
colonies againstVarroa destructor mites.We regard
the slightly enhanced life expectancy after treatment
as a positive side effect, which may not occur in all
situations, for example, when brood is treated at
different time points compared to our study. Never-
theless, we suggest to perform further studies on the
role of temperature shifts during larval development
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to find the optimal hyperthermia treatment regime
which reduces the number of Varroa mites drasti-
cally while not affecting honeybees.
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