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Abstract

The Western honeybees Apis mellifera carnicaand A. m. ligustica are closely related subspecies
living in neighbouring regions. Metabolism and the upper lethal thermal limits are crucial
physiological traits, adapted in the evolutionary process to environment and climate conditions.
We investigated whether samples from these two ecotypes differ in these traits. The standard
metabolic rate was higher in the A. m. ligustica population only at a high temperature ( 7;~40 °C;
dVCO0,=12 nl s71; £<0.05), probably due to a higher body temperature (dTinorax=1.5 °C; £<0.01).
The critical thermal maximum of activity and respiration was similar (difference activity
CTmax=0.8 °C, respiratory CTmnax=1.1 °C). The lethal temperature (LTsgg, gp) revealed higher
tolerance and survival rates of the Ligustica bees (Carnica 50.3 °C; Ligustica 51.7 °C; £/<0.02).
Results reveal the adaptation of the two subspecies to their historic climate conditions, possibly
favouring Ligustica in a warming environment.
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1. INTRODUCTION

The two races of the Western honeybee Apis mellifera carnica Pollimann (commonly known
as the “Carniolan bee”) and Apis mellifera ligustica Spinola (commonly known as the
“Italian bee™) are closely related and live in neighbouring climatic regions (Ruttner 1988).
The Carniolan bee is the honeybee of the temperate Central European climate region,
ranging from the Alps to the Carpaths (Ruttner 1992). The Italian bee is originally native to
the Mediterranean South European climate region of the Appenine peninsula, characterized
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by dry and hot summers. The adaptability of A. m. ligusticato a wide range of climatic
conditions has favoured its apicultural use throughout the world (Ruttner 1988). Species or
races that have a long history of adaptation to a certain environment can be studied to
determine their special physiological adaptation (e.g. Vorhees et al. 2013). This condition
applies for these two honeybee races.

Temperature is a crucial abiotic parameter in animal life. It influences nearly all
physiological and biochemical processes, thus determining a great deal of animal life
histories (Huey and Berrigan 2001). Respiration and metabolism are essential basic
processes characterizing the ecological potency of a species. Their thermal sensitivity
determines relationships between an insect and its environment (Ruel and Ayres 1999).
These processes depend strongly on the insects’ actual ambient temperature in their habitat,
and they are influenced by mean annual temperature as well as short temperature extremes.
The knowledge of the kind of temperature dependence of respiration and its limits is crucial
for assessing the species’ ecological potency. Even a small variation in the thermal
sensitivity can determine the impacts of variable temperatures on insect performance and
energy use (e.g. Williams et al. 2012).

The standard metabolic rate (SMR) or resting metabolism is an important parameter of
energy metabolism in insect life. It represents the energetic costs of simple subsistence,
determining an individual’s minimum energy requirement under a standardized set of
conditions. It is the basis for comparing the relative energy expenditures of particular
activities. The SMR allows also the assessment of basic energetic costs across species.
Ideally, measurements of SMR are made under constant environmental conditions on
individuals of known mass, sex and age that show no external activity (Hack 1997). The
SMR of A. m. carnicahas been thoroughly investigated by Kovac et al. (2007). A
dependence of the CO5 release on an ambient temperature in a sigmoidal shape has been
described. However, for the Italian race, these data are not available. The SMR is an ideal
parameter to compare the two honeybee races with regard to their basic energetic
expenditure and could reveal special adaptation to the climatic conditions in which they
evolved.

The “thermolimit respirometry” is a standardized method for determining the upper and
lower critical thermal limits of normal respiratory function (respiratory CTax, respiratory
CTmin; Lighton and Turner 2004). A combination of this technique with conventional
observation of the critical thermal maximum (activity CTpax), €.0. using detection of
movement by means of a video analysis or infrared diode actography, objectively pinpoints
the exact temperature of a short-term physiological failure. It was used by Kafer et al. (2012)
for measuring the CTax Of the Carniolan honeybee. However, for the Italian subspecies A.
m. ligustica, these physiological data are missing and therefore were evaluated in this study.

The lethal temperature (LTsg, the temperature that results in 50 % mortality of an
experimental population) has received increased attention in insects in recent years. It does
not only provide more ecologically relevant information when studying the survival rate of
animals but also provides a reference point to study variation and plasticity of thermal
tolerance and traits (e.g. Powell and Bale 2008; Hazell et al. 2010; Hazell and Bale 2011).
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There are a few papers available concerning the lethal temperature of Western honeybees
(e.g. Free and Spencer-Booth 1962; Coelho 1991; Atmowidjojo et al. 1997; Tan et al. 2005).
However, most of them did not provide exact information about the investigated race, and
the methods and experimental protocols differed strongly. Free and Spencer-Booth (1962)
and Coelho (1991) performed experiments with single bees, whereas the others used groups
of bees. It is probable that for these reasons, very differing results were obtained.
Comparison of the lethal temperature of different races requires simultaneous experiments
with the same experimental protocol.

The hypothesis we wanted to test in the present study was whether the two neighbouring
races, coming from different climate regions, differ in their thermal traits, especially as far
as the upper thermal limits and the metabolism are concerned. In a changing environment
due to global climate change, the knowledge of such basal physiological parameters is
essential to predict the animals’ capability to cope with predicted future environmental
conditions. As no data comparing these crucial thermal traits of the two races are available,
adequate experiments were conducted with samples from populations of A. m. carnicaand
A. m. ligustica, obtained from their areas of origin (Styria, Austria and Emilia-Romagna,
Italy, respectively), both bred by experts for many generations to assure purity of races.

2. MATERIALS AND METHODS

2.1. Colonies

Five colonies of A. m. ligusticafrom a honeybee breeder (Eleonora Bergomi) from Emilia
Romagna, Italy, and ten A. m. carnica colonies of the authors’ (Helmut Kovac) own
breeding in Styria, Austria, were donated for the experiments. The experiments were
conducted with forager bees, which implies that the individuals were at least 16-20 days
old. Bees were caught at the hive entrance after leaving the hive at times where no
orientation flight activity occurred (morning and late afternoon).

Morphometric analyses were performed at the CRA-API laboratory. Shortly, 16 characters

referring to the front right forewings (11 angles and 5 dimensions) and colour of the second
abdominal tergite were used to compare the samples of worker bees from our experimental
colonies in the CRA-API reference database (software and statistics are described in Bouga
etal., 2011). The analysis confirmed that the samples could be classified as Apis mellifera

carnicaor A. m. ligustica as expected.

2.2. Respiration measurement—standard metabolic rate

We measured the bees’ CO, emission using flow-through respirometry as previously
described by Kovac et al. (2007). The experiments described here were conducted with the
same experimental setup.

Briefly, individual bees were transferred to the laboratory and placed into a respirometry
measurement chamber immediately after catching, where they were allowed to move freely.
Since experiments lasted overnight, they were provided with 1 M sucrose solution. The
brass chamber (outer dimension 6x10x4 cm; inner dimension 3x3%2 cm; volume ~18 ml)
was immersed in a water bath (Julabo F33) for temperature control (accuracy 0.1 °C). The
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relative humidity (rH) was maintained at 50 % (see Stabentheiner et al. 2012 for details).
The experimental ambient temperature (7,) for the bees was set to 30, 34, 37 or 40 °C.
However, the actual ambient air temperature could deviate slightly from these values
because the measurement chamber was not completely submersed to allow observation with
an infrared thermography camera (see below). The exact temperature was therefore
measured in the respirometry chamber near the bees (within ~1-2 cm) with a thermocouple.
Temperature data were recorded at 1-s intervals with an ALMEMO 2890-9 data logger
(AHLBORN). Each bee was tested at one temperature and was used for one experiment
only.

Carbon dioxide production of the bees was determined with a flow-through respirometry
system (Stabentheiner et al. 2012). The insects’ CO5 release was measured with a
differential infrared carbon dioxide gas analyser (DIRGA; URAS 14, ABB), with an
accuracy of ~2 ppm. In order to maximize the system sensitivity (<0.2 ppm), the air was
taken from outside the laboratory. Before it entered the reference tube of the DIRGA, the air
was pumped through a 10-1 container to dampen fluctuations in CO5 content, passed the
pump and mass flow controllers (0-1000 ml min~1, Brooks 5850 S) and then passed another
container (5 1) for additional CO, and pressure fluctuation damping. The air was dried by
passing it through two Peltier-driven cool traps (10 °C) before it entered the URAS
reference and measurement tubes (where it was heated to 60 °C). The airflow in the system
was set to 150 ml min~1. The volumes (nl) of CO, production reported in this paper refer to
standard (STPS) conditions (0 °C, 101.32 kPa=760 Torr). The CO, production was recorded
at 1-s intervals. At the beginning and at the end of each experimental run and at an interval
of 3 h during experiments, the gas analyser was calibrated automatically in zero and end
point by the use of internal calibration cuvettes, and the data were corrected for any
remaining drift or offset (for further methodical details see Stabentheiner et al. 2012).

The lid of the measurement chamber was covered by a transparent plastic film which
allowed observing the bees and recording their behaviour and body surface temperature with
an infrared thermography camera (ThermaCam SC2000 NTS; FLIR). The plastic film was
transparent in the infrared range from 3 to 13 um. The measured body temperature was
calibrated to the nearest 0.7 °C using an infrared emissivity of 0.97 of the honeybee cuticle
and a self-constructed Peltier-driven reference source of known temperature and emissivity
(for details see Stabentheiner and Schmaranzer 1987; Schmaranzer and Stabentheiner 1988;
Stabentheiner et al. 2012). Evaluation of the surface temperatures of head ( 7yq), thorax ( 7,)
and abdomen ( 7p) was done with AGEMA Research software (FLIR Systems Inc.)
controlled by a proprietary Excel (Microsoft Corporation) VBA macro. Infrared data were
stored digitally on a hard disk at a rate of 5-10 frames s~1. Endothermy may increase the
energy turnover considerably above the resting level (e.g. Heinrich 1993). Therefore, the
thoracic temperature excess ( 7thorax— Tabdomen) Was used as a measure to assess the bees’
degree of endothermy. The infrared video sequences allowed quantification of an even small
endothermic state of bees over a longer resting period. Bees exhibiting a mean temperature
excess of more than 1 °C in the evaluation periods were excluded. In addition, infrared
thermography allowed detection of cooling efforts.
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The activity and behaviour of the bees was analysed from the infrared video sequences. Our
definition of “resting” was no or only small visible signs of activity, i.e. only movements of
antennae or single legs are allowed (according to Crailsheim et al. 1999; Stabentheiner and
Crailsheim 1999; Stabentheiner et al. 2003; Kovac et al. 2007).

For further data analysis, the evaluated resting phases were divided into 10-min intervals. In
some individuals at a high 7, the duration of resting phases decreased to such an extent that
we had to reduce the interval to a minimum of 5 min. For the evaluated intervals, the mean
CO», production rate (VCO,) was calculated. A respiration cycle was defined from the
beginning of one burst of CO, release until the next one. The CO, release volume for each
respiration cycle was calculated by the integration of single bursts. Data analysis and
statistics were done in Excel (Microsoft Corporation) with custom-made peak-finding
formulas and VBA macros and with Origin software (OriginLab Corporation) and
Stathgraphics Centurion XVI (StatPoint Technology Inc.). In Figures 1, 2, 3, and 4, mean
values are given with their standard deviations (SD).

The SMR data of A. m. carnicabees were taken from the paper of Kovac et al. (2007), with
the exception of the measurements at 40 °C, which were made during the same experimental
series as A. m. ligusticabees in 2012 and 2013.

2.3. Critical thermal maximum (CTmax)

Single bees were caught at the hive entrance and immediately placed into the respirometry
measurement chamber. The combination of respirometry data and activity detection has
shown the most accurate results in previous studies concerning the upper thermal maximum
(Klok et al. 2004; Lighton and Turner 2004; Stevens et al. 2010; Kéfer et al. 2012). Thus,
respiration and activity as well as body surface temperatures were assessed simultaneously
via flow-through respirometry and infrared thermography as described in Section 2.2. The
bees’ critical thermal maximum (CT,ax) Was evaluated following a standardized method of
driving a temperature increase from 25 to 55 °C at a dT=0.25 °C min~1 (see e.g. Chown et
al. 2009; Stevens et al. 2010; Terblanche et al. 2011). The CTy,x Was defined via the
observation of activity as cease of controlled motoric activity (“mortal fall” or activity
CTmax; €.9. start of muscle spasms, compare Hazell et al. 2008; Klok and Chown 1997;
Lighton and Turner 2004; Lutterschmidt and Hutchison 1997) and via thermolimit
respirometry (respiratory CTmax) as cease of cyclic gas exchange (CO, release; Lighton and
Turner 2004). The absolute difference sum of CO, production (respiratory ADS, rADS) is a
measure of cumulative dynamic variability (Lighton and Turner 2004). To determine the
respiratory CThax more accurately, the inflection point of the rADS residual values from 10
min before to 10 min after the suggested activity CTyax Was determined. This inflection
point helps to determine the minute point of the respiratory CTyax. For detailed information
on the experimental procedure, see for example Stevens et al. (2010), Kafer et al. (2012),
Stabentheiner et al. (2012) and chapter 6 in Hartfelder et al. (2013).

2.4. Lethal temperature

Bees were caught in the morning at the hive entrance. For each trial, groups of bees (15-25
individuals) of the two races were separated in a divided wire mesh cage (10x10x5 c¢cm) and
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put into an incubator. During the experiments, the bees were provided with 1 M sucrose
solution. After 5 min at 30 °C to ensure uniform starting conditions, the temperature was
increased at a rate of about 0.4 °C per minute until the experimental target temperature (46—
56 °C, 21 different trials) was reached. The bees remained for 5 min at the maximum target
temperature to allow all individuals to equilibrate (compare Powell and Bale 2008). After
that, the temperature in the incubator was rapidly reduced to the initial temperature of 30 °C.
The bees remained for further 8 h in the incubator at this temperature. Survival was defined
by bees moving either spontaneously or in response to a gentle contact stimulus, assessed at
an interval of 2 h. The air in the incubator was moistened with a wet cloth (mean relative
humidity during thermal treatment was ~30 %). The temperature was measured with
thermocouples in the centre of each section of the cage and additionally ~2 cm outside the
cage with a NTC-sensor. The measured temperature inside and outside of the cage differed
noticeably. As the bees sat mostly at the wire mesh of the cage during the experiments, we
used the mean value between the inside and outside for calculating the actual experimental
temperature. Data were stored every second with an ALMEMO 2890-9 data logger
(AHLBORN). The percentage of the bees’ mortality rate was plotted vs. the tested
experimental temperature; and from the calculated sigmoidal curve, the lethal temperature
(=LTsg, the temperature that results in 50 % mortality) was determined. The significance
was tested for the linear range of values (without a lowest value) with an ANOVA.

3. RESULTS

3.1. Standard metabolic rate

3.1.1. Activity and endothermic state—Infrared video sequences enabled us to
evaluate the behaviour and the body temperature of the bees. Although the bees stayed
overnight in the dark measurement chamber, they were not always calm. They were some-
times moving, walking or feeding. Some individuals were not inactive for 10 consecutive
minutes, especially at high ambient temperatures (~40 °C). Therefore, we had to reduce the
evaluation intervals of the resting phases to 5 min in these cases.

The body temperatures measured in A. m. ligustica bees (from here on referred to as
“Ligustica”) were compared with those measured in A. m. carnica bees (from here on
referred to as “Carnica”) by Kovac et al. (2007) or with new measurements at 7,~40 °C.
Mostly, the bees were ectothermic or showed only a little endothermic activity and had a
little thoracic temperature excess ( Tihorax— Tabdomen<0.4 °C; Carnica /=21, Ligustica 7=21;
Figure 1). The Ligustica bees had, on average, a thorax 0.2+0.47 °C warmer than their
abdomen, whereas the Carnicas’ thorax was 0.16+0.55 °C cooler than their abdomen (Figure
1). ANOVA suggested that the excess temperature of the two races depended on ambient
temperature (P<0.01; ~quotient=12.03) and differed from each other (/<0.01; ~
quotient=7.9). However, a more detailed view of the results revealed that the values below
an ambient temperature of 31 °C and between 33.5 to 38.5 °C did not differ from each other
(P>0.05; ttest), but the values above 40 °C were statistically different (Carnica— Tihorax—
Tabdomen= —0.41%0.41 °C; n=5; Ligustica— Tihorax— Tabdomen=0.02£0.21 °C; 1=6; P<0.01, ¢
test). The absolute thorax temperature at 7,~40 °C differed also between Carnica and
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Ligustica (Carnica— Tihgrax = 41.1 £ 0.71 °C; n=5; Ligustica— Tthorax=42.6+0.57 °C; 1=6;
F£<0.01, ftest)

3.1.2. Metabolic rate—The metabolic measurements in Ligustica were compared with
those in Carnica from Kovac et al. (2007) or with new measurements at 7,~40 °C. The
resting or standard metabolic rate (SMR) showed a strong dependence on ambient and body
temperature (£<0.0001; 7=21; ~quotient=131.44 and 125.54, respectively, ANOVA,; Figure
2a, b). It differed between the two races only in dependence on ambient temperature
(P<0.05; n=21; Fquotient=6.27 and 0.41, respectively, ANOVA). The variation between
bees and within individual bees was rather high. The mean SMR (derived from the
regression lines) increased from 32.6 nl s™1 (7,= 30 °C) to 70.6 nl s™1 (7,=40 °C) in the
Carnica and from 32.9 nl s71 (7,=30 °C) to 81.3 nl s71 (7,=40 °C) in the Ligustica bees. For
a further analysis, the values were divided in different ranges ( 7,<33 °C, 33-40 °C, >40 °C).
Only at high ambient temperatures of >40 °C the SMR differed significantly between the
two races (Carnica—VC0,=75.7+42.38 nl s71; /=5, Ligustica—VC0,=87.6+20.63 nl s71;
nm=6; P<0.05, ttest). The correlation of the SMR with the body temperature (mean of head,
thorax and abdomen) revealed a nearly identical result for both races (P=0.5248; Figure 2b).

3.2. Critical thermal maximum (CTmax)

The bees were active and agitated when they were inserted into the measurement chamber.
They calmed down after reaching an ambient temperature of about 35 °C and were again
more active when the temperature exceeded 40 °C. At high temperatures, they often
exhibited cooling behaviour with regurgitated fluid droplets. Coordinated body movement
ceased with the mortal fall. Figure 3 shows a representative thermolimit experiment for
determining the critical thermal maximum (CT ) Of activity and respiration of a Ligustica
bee. The averaged values of mortal fall provided the knockdown temperature (Klok et al.
2004; Stevens et al. 2010) or activity CTpax 0f 49.2+2.0 °C for the Carnica bees and
50.0+1.0 °C for the Ligustica bees (statistical details in Table 1). After the initial high
activity and therefore metabolic rate, the CO, trace showed a typical progression, followed
by a distinct postmortal peak (plateau) after the respiratory CTmax. Averaged values of the
respiratory CTnax amounted to 48.8+2.2 °C for the Carnica bees and 49.9+1.1 °C for the
Ligustica bees. Although the mean activity and respiratory CTax in A. m. ligustica were
somewhat higher than in A. m. carnica, differences were not statistically significant
(difference activity CTax=0.8 and respiratory CTmna=1.1 °C, P>0.05, ttest; see Table 1).

The mean maximum thoracic temperature we measured during the time the postmortal
plateau appeared was nearly the same in Carnica and Ligustica (Carnica 7;,=52.3%£0.6 °C,
Ligustica 71=52.4+1.0 °C). The absolute maximum was measured in a Ligustica bee with
54.4 °C. The thoracic temperature excess over the abdomen also showed a peak at the same
time as the postmortal respiratory peak appeared. The amount of the thoracic heating bout
was quite similar for the two subspecies and not statistically different (dTihorax—abdomen
maximum-—dThorax — abdomen Minimum before peak, Carnica—2.2+0.7 °C, 7=18; Ligustica
—1.84£1.2 °C, n=20; P>0.05, ttest). No differences were detected in the duration of the
cooling behaviour during the experimental runs (cool tongue visible in the thermograms).
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Durations were 21 min 44 s (SD=6 min 31 s) in Carnica and 27 min 04 s (SD=9 min 40 s) in
Ligustica (~>0.05, ttest).

3.3. Lethal temperature

The mortality of the temperature-treated bees displayed a time-dependent course. It was low
immediately after the treatment and increased with progressing observation time (Figure 4).
From zero until 4 h after the end of treatment, no difference was detectable between the two
races’ mortality. However, after 6 and 8 h, significant differences appeared. A comparison
of the linear course of the relative mortality values (without a lowest value of ~45 °C)
revealed a significant difference between the two races (6 h—A~=0.0112, ~quotient=7.12; 8
h—~=0.0190, ~quotient=6.02; ANOVA). The lethal temperature (=L Tsq, the temperature
that results in 50 % mortality) was determined from the mortality curves (Figure 4), derived
by fitting a sigmoidal function [(mortality=a/(1+b*exp~KT8)]. Eight hours after, the
temperature treatment parameters were 4=100 and b= 1.26685E36 and A= 1.65179 in
Carnica and =100 and £=5.51212E21 and £=0.96916 in Ligustica. The lethal temperature
after 8 h, derived from the sigmoidal curves, was for the Ligustica 1.4 °C higher than for the
Carnica bees (Carnica—L Tsgg, g =50.3 °C; Ligustica—L Tsq, gp =51.7 °C; N=21 trials).

4. DISCUSSION

In the evolutionary process, insects have evolved behavioural and physiological adaptations
to cope with short-term exposure to extreme temperatures. Metabolism and the upper lethal
limits are crucial physiological traits. They are, besides other biotic and abiotic parameters,
responsible for the distribution of insects. We investigated these traits in two populations of
neighbouring and closely related honeybee subspecies (Apis mellifera carnicaand A. m.
ligustica) living in different climate regions. Honeybee colonies for the experiments were
chosen from commercial queen breeders, situated in the centre of the original distribution
area of each subspecies and who have been selecting colonies for a long time, without
introducing genetic material from different sources. Indeed in Southern Austria, in the whole
area of Styria and Carinthia by law beekeepers are allowed to keep only A. m. carnicato
ensure its protection. We are aware of the fact that the colonies (of each subspecies)
originated from one population each, and therefore results have validity, in the strict sense of
the word, only for these populations. Nevertheless, our experiments suggest that there may
be differences among different subspecies due to adaptation to different climates. Our
experiments provide a profound investigation on these physiological traits in honeybees.
These measurements with several standard methods established in insect research can lead
to a standard in future honeybee research.

The standard metabolic rate (SMR), as a measure of the basal energy turnover, was
investigated at high ambient temperatures ( 7;~ 30-40 °C, Figure 2). The new data of
Carnica (73~40 °C) were quite well in the trend of the measurements of Kovac et al. (2007)
included in this comparison (Figure 2). For a great part of the tested temperature range, the
two races did not differ in their SMR. However, at the highest tested 7, (~40 °C), the
Ligustica bees had a higher CO,-production rate than the Carnica bees (dVCO, =11.9 nl s71,
FP<0.05; Figure 2). The Ligustica bees’ thorax temperature and thoracic temperature excess
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were also higher (differences between races—dT,=1.54 °C, A< 0.01; dTy,_5p=0.42 °C,
FP<0.01; Figure 1). We thus assume the higher metabolic rate to have been caused by the
higher body temperature of the Ligustica bees. Our measurements of body temperature
suggest that the difference in body temperature (and thus metabolic rate) was not a result of
endothermic activity of the Ligustica bees, but of more cooling efforts by means of
regurgitated liquid droplets of the Carnica bees. The negative thoracic temperature excess in
the Carnica bees at this high ambient temperature (Figure 1) suggests this. Evaporative
cooling with water droplets is a common behaviour of honeybees at high ambient
temperatures to reduce body temperature (Heinrich 1980, Kovac et al. 2007). Based on our
results, we assume that the Ligustica bees tolerate higher body temperatures than the
Carnica.

As expected from earlier measurements in Carnica honeybees (Kovac et al. 2007), the
resting metabolism of Ligustica bees showed a strong dependence on ambient and body
temperatures (Figure 2). In active, flying honeybees, Harrison and Hall (1993) showed that
the mass-specific metabolic capacities in African bees (A. m. scutellata) were higher than in
European bees. The greater thorax-specific capacity in African bees suggests a higher
oxidative capacity in their flight muscles compared to European bees. The authors presume
that higher metabolic and flight capacities may contribute to African bees” competitive
advantages in the tropics and that differences in flight capacity or metabolism may be an
important component of fitness differences among honeybee subspecies. However, in the
resting metabolism of our investigated subspecies, we could not detect such differences,
both in the normal colony thermal range (30-36 °C; Bujok et al. 2002, Kleinhenz et al.
2003, Stabentheiner et al. 2010) and at temperatures of thermal challenge (36-40 °C).

Our thermolimit respirometry experiments provided results concerning the short-term upper
critical thermal maximum of activity and respiration (Table 1). These two thermal limits did
not differ from each other, neither in the Carnica (dT=0.4 °C, £>0.05) nor in the Ligustica
bees (dT=0.1 °C, £>0.05), thus, suggesting that in future experiments, measurement of one
of the two is sufficient. These parameters showed a tendency towards a higher respiratory
CTmax in the Ligustica bees in comparison to the Carnica population sample though the
difference with £=0.053 cannot be considered statistically significant. The activity CTax
did not differ significantly (dT=0.8 °C, £=0.12). This finding is confirmed by the
experiments concerning the lethal temperature (LTsg), where there was no immediate
difference in survival after the temperature treatment. In the following hours, however, the
mortality increased stronger in the Carnica bees, as became manifest after 6 h. These
experiments revealed a 1.4 °C higher LTsgq for the Ligustica bees 8 h after the end of
treatment (Carnica—LT5¢=50.3 °C; Ligustica—LT5q=51.7 °C; A<0.02; Figure 4), showing
that the damage due to thermal treatment was delayed. There was no immediate, but a
medium-term, harmful effect on the bees’ survival rate. This points out that only survival
analysis can completely uncover total thermal damage to the honeybee society. The dynamic
determination of the CTax, by contrast, uncovers the short-term upper thermal limits. A
main benefit of this standard method allows a rather fast comparison with other populations,
honeybee races or insects. Since our investigation showed that activity ceases at quite the
same temperature as controlled respiration (see also Klok et al. 2004; Lighton and Turner
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2004; Stevens et al. 2010; Kéfer et al. 2012; and others), determination of the activity
CTmax, Which is easier to accomplish in standard laboratories, seems sufficient.

We do not know whether the Ligustica bees’ higher LTxg is the result of physiological traits
or behavioural differences, or both. As the bees were provided with sufficient liquid food
during experiments, they were able to perform cooling measures. Further experiments with
detailed video and body temperature observations will be needed to decide whether cooling
activity is less frequent in Ligustica. It has also to be clarified whether there are differences
in physiological adaptation, e.g. expression of heat shock proteins.

Free and Spencer-Booth (1962) showed that the survival of bees at high temperatures
depends on the duration of exposure and the relative humidity of the air. At the higher
temperatures, they survive for short periods only at low relative humidity because they can
cool themselves by evaporative cooling via regurgitation of water or nectar droplets
(Heinrich 1980, Cooper et al. 1985). These conditions were given in our experiments
concerning lethal temperature, as the bees were provided with sucrose solution and the
relative humidity was low (~30 % rH). Abou-Shaara et al. (2012) investigated the tolerance
of Yemeni honeybees (adapted to harsh conditions) and Carniolan honeybees to various
temperature and relative humidity gradients in Saudi Arabia. Bees unable to right
themselves immediately were classed as intolerant. Results showed that temperature had a
higher effect than relative humidity on worker survival. The authors commented that the
response of the two races in the studied treatments was somewhat similar and that only
under extreme conditions of elevated temperature or low humidity, Yemeni honeybees
showed a higher tolerance than Carniolan honeybees. In contrast to our thermolimit
experiments, they found very high temperature intolerance values, which only could be
explained by different methods (Carniolan honeybees 57.5 °C, Yemeni honeybees 61.0 °C).
When temperature is increased to a limit, the starting temperature and rate of increase can
significantly influence results, as illustrated by estimates of knockdown temperature in the
tsetse fly, Glossina pallipides, with the slowest rate of thermal change producing the lowest
estimate (e.g. Terblanche et al. 2007; 2011; see also Chown and Nicolson, 2004). This could
be the reason for the very high values obtained by Abou-Shaara et al. (2012), because they
started at 30 °C and increased to 60 °C at a rate of 0.5 °C per minute, whereas we increased
the temperature from 25 °C to 55 °C at a rate of 0.25 °C per minute.

Atmowidjojo et al. (1997) compared the temperature tolerance of feral and domestic
honeybees (Apis mellifera) in the Arizona desert in different seasons and at different
ambient temperatures and found the feral honeybees to be more tolerant to high
temperatures than domestic bees. The highest critical thermal maximum (temperature at
which animals fail to undergo an immediate righting response) of the feral bees was 50.7 °C,
which resembles the mean value of the Carnica bees (50.4 °C). However, the values of these
bees, adapted to the Arizona desert, seem to be implausibly low, as most of the measured
thermal maxima were below 45 °C. There are several investigations of honeybee body
temperature showing that the thoracic temperatures may exceed 45 °C due to their
endothermic heat production (e.g. Heinrich 1979; Cooper et al. 1985; Stabentheiner et al.
2002, 2007; Kovac et al. 2010). Coelho (1991) investigated the upper thermal tolerance limit
of drones and workers and found the lethal thorax temperature to be statistically
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indistinguishable between workers (52.2 °C) and drones (51.0 °C). The lethal temperature of
workers (Apis melliferaL.) was 0.5 °C higher than that of our Ligustica bees. However, this
could also be due to the different methods. Tan et al. (2005) reported differences in the
lethal temperature of the Eastern honeybee Apis cerana and the Western honeybee Apis
mellifera (A. cerana’50.7 °C and A. mellifera51.8 °C, respectively). Their Apis mellifera
had nearly the same lethal temperature as our Ligustica bees. Unfortunately, no information
about the bee race is given in this study.

In conclusion, our experiments and the evaluation of available literature call for a
standardisation of methods and experimental protocols. In this study, we measured several
important physiological parameters with standard methods and thus provide a basis for
future studies. Furthermore, we investigated for the first time the difference in heat tolerance
in populations of two European races of the Western honeybee. We found differences in
several traits, suggesting that A. m. ligustica populations can tolerate a high temperature
exposure better than A. m. carnica populations. This surely represents a feature of adaptation
of A. m. ligustica populations to the warmer environment of the South European climate.
However, heat tolerance is probably just one aspect of the complex process of adaptation,
which can contribute to higher survival and performance in the areas of origin of
populations, as has been highlighted in recent studies across Europe (Costa et al. 2013,
Biichler et al. 2014; Hatjina et al. 2014 in press). Other features like the ability of
synchronization and tuning of the breeding behaviour with food availability could be also a
limiting factor. The distribution of Ligustica bees all over the world in the wake of human
introduction demonstrates its good ability to adapt to different climatic conditions (Ruttner
1988). This could also be a benefit in the chance of survival in a changing environment due
to climate warming. Increasing mean annual temperature could enable them to expand their
original European distribution range into the north. Additionally, their ability to cope better
with high temperature extremes may be an important component of fitness benefit in the
future struggle for survival in Central Europe in a changing environment with more
pronounced weather extremes due to climate change (IPCC 2013).

Acknowledgments

The research was funded by the Austrian Science Fund (FWF): P25042-B16.

We greatly appreciate the help with data evaluation by M. Bodner, C. Malej and L. Schauberger. We thank Patrizia
Bergomi and Donato Tesoriero for performing the morphometric analyses and Simone Franceschetti for preparing
the colonies for transport.

REFERENCES

Abou-Shaara HF, Al-Ghamdi AA, Mohamed AA. Tolerance of two honey bee races to various
temperature and relative humidity gradients. Env. Exp. Biol. 2012; 10:133-138.

Atmowidjojo AH, Wheeler DE, Erickson EH, Cohen AC. Temperature Tolerance and Water Balance
in Feral and Domestic Honey Bees, Apis mellifera. L. Comp. Biochem. Physiol. 1997; 118A:1399-
1403.

Bouga M, Alaux C, Bienkowska M, Biichler R, Norman L, et al. A review of methods for
discrimination of honey bee populations as applied to European beekeeping. J. Apic. Res. 2011,
50:51-84.

. Author manuscript; available in PMC 2014 November 04.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kovac et al.

Page 12

Buchler R, Andonov S, Berg S, Bienkowska M, Bouga M, et al. The influence of genetic origin and its
interaction with environmental effects on the survival of Apis mellifera. L. colonies in Europe. J.
Apic. Res. 2014 in press.

Bujok B, Kleinhenz M, Fuchs S, Tautz J. Hot spots in the bee hive. Naturwissenschaften. 2002;
89:299-301.

Chown, SL.; Nicolson, SW. Insect Physiological Ecology: Mechanisms and Patterns. Oxford
University Press; Oxford: 2004.

Chown SL, Jumbam KR, Sgrensen JG, Terblanche JS. Phenotypic variance, plasticity and herita-bility
estimates of critical thermal limits depend on methodological context. Funct. Ecol. 2009; 23:133-
140.

Coelho JR. Heat Transfer and Body Temperatures in Honey Bee (Hymenoptera: Apidae) Drones and
Workers. Environ. Entomol. 1991; 20:1627-1635.

Cooper PD, Schaffer WM, Buchmann SL. Temperature regulation of honey bees (Apis mellifera)
foraging in the Sonoran desert. J. Exp. Biol. 1985; 114:1-15.

Costa C, Lodesani M, Bienefeld K. Differences in colony phenotypes across different origins and
locations: evidence for genotype by environment interactions in the Italian honeybee (Apis
mellifera ligustica)? Apidologie. 2013; 43:634-642.

Crailsheim K, Stabentheiner A, Hrassnigg N, Leonhard B. Oxygen consumption at different activity
levels and ambient temperatures in isolated honeybees (Hymenoptera: Apidae). Entomol. Gen.
1999; 24:1-12.

Free JB, Spencer-Booth Y. The upper lethal temperatures of honeybees. Ent. exp. et appl. 1962;
5:249-254.

Hack MA. The effects of mass and age on standard metabolic rate in house crickets. Physiol. Entomol.
1997; 22:325-331.

Harrison JF, Hall HG. African-European honey bee hybrids have low nonintermediate metabolic
capacities. Nature. 1993; 363:258-363.

Hartfelder K, Bitondi MMG, Brent C, Guidugli-Lazzarini KR, Simdes ZLP, Stabentheiner A, Tanaka
DE, Wang Y. Dietemann V, Ellis JD, Neumann P. Standard methods for physiology and
biochemistry research in Apis mellifera. The COLOSS BEEBOOK, Volume I: standard methods
for Apis mellifera research. J. Apic. Res. 2013; 52(1):1-47.

Hatjina F, Costa C, Biichler R, Drazic M, Uzunov A, et al. Population dynamics of European honey
bee genotypes under different environmental conditions. J. Apic. Res. 20142014 in press.

Hazell SP, Bale JS. Low temperature thresholds: are chill coma and Ctyjp, Synonymous? J. Insect
Physiol. 2011; 57:1085-1089. [PubMed: 21510951]

Hazell SP, Pedersen BP, Worland MR, Blackburn TM, Bale JS. A method for the rapid measurement
of thermal tolerance traits in studies of small insects. Physiol. Entomol. 2008; 33:389-394.

Hazell SP, Palle Neve B, Groutides C, Douglas AE, Blackburn TM, Bale JS. Hyperthermic aphids:
Insights into behaviour and mortality. J. Insect. Physiol. 2010; 56:123-131. [PubMed: 19737571]

Heinrich B. Thermoregulation of African and European honeybees during foraging, attack, and hive
exits and returns. J. Exp. Biol. 1979; 80:217-229.

Heinrich B. Mechanisms of body-temperature regulation in honeybees, Apis mellifera I. Regulation of
head temperature. J. Exp. Biol. 1980; 85:61-72.

Heinrich, B. The Hot-Blooded Insects. Springer; Berlin: 1993.

Huey RB, Berrigan D. Temperature, demography, and ectotherm fitness. Am. Nat. 2001; 158:204—
210. [PubMed: 18707349]

IPCC (Intergovernmental Panel on Climate Change). Climate Change 2013: The Physical Science
Basis. Working Group | Contribution to the IPCC 5th Assessment, Report - Changes to the
Underlying Scientific/Technical Assessment. 2013. http://www.ipcc.ch/report/ar5/wgl/
#.Uw9Gpc6xeho

Ké&fer H, Kovac H, Stabentheiner A. Resting metabolism and critical thermal maxima of vespine
wasps (Vespulasp.). J. Insect Physiol. 2012; 58:679-689. [PubMed: 22326295]

Kleinhenz M, Bujok B, Fuchs S, Tautz J. Hot bees in empty broodnest cells: heating from within. J.
Exp. Biol. 2003; 206:4217-4231. [PubMed: 14581592]

. Author manuscript; available in PMC 2014 November 04.


http://www.ipcc.ch/report/ar5/wg1/#.Uw9Gpc6xeho
http://www.ipcc.ch/report/ar5/wg1/#.Uw9Gpc6xeho

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kovac et al.

Page 13

Klok CJ, Chown SL. Critical thermal limits, temperature tolerance and water balance of a sub-
Antarctic caterpillar, Pringleophaga marioni (Lepi-doptera: Tineidae). J. Insect Physiol. 1997;
43:685-694. [PubMed: 12769980]

Klok CJ, Sinclair BJ, Chown SL. Upper thermal tolerance and oxygen limitation in terrestrial
arthropods. J. Exp. Biol. 2004; 207:2361-2370. [PubMed: 15159440]

Kovac H, Stabentheiner A, Hetz SK, Petz M, Crailsheim K. Respiration of resting honeybees. J. Insect
Physiol. 2007; 53:1250-1261. [PubMed: 17707395]

Kovac H, Stabentheiner A, Schmaranzer S. Thermoregulation of water foraging honeybees —
Balancing of endothermic activity with radiative heat gain and functional requirements. J. Insect
Physiol. 2010; 56:1834-1845. [PubMed: 20705071]

Lighton JRB, Turner RJ. Thermolimit respirometry: an objective assessment of critical thermal
maxima in two sympatric desert harvester ants. Pogonomyrmex rugosus and P. californicus. J.
Exp. Biol. 2004; 207:1903-1913. [PubMed: 15107444]

Lutterschmidt WI, Hutchison VH. The critical thermal maximum: data to support the onset of spasms
as the definitive end point. Can. J. Zool. 1997; 75:1553-1560.

Powell SJ, Bale JS. Intergenerational acclimation in aphid overwintering. Ecol. Entomol. 2008; 33:95-
100.

Ruel JJ, Ayres MP. Jensen’s inequality predicts effects of environmental variation. Trends Ecol. Evo.
1999; 14:361-366.

Ruttner, F. Biogeography and taxonomy of honeybees. Springer; Berlin: 1988.
Ruttner, F. Naturgeschichte der Honigbienen. Ehrenwirth Verlag GmbH; Miinchen: 1992.

Schmaranzer S, Stabentheiner A. Variability of the thermal behavior of honeybees on a feeding place.
J. Comp. Physiol. B. 1988; 158:135-141.

Stabentheiner A, Crailsheim K. The effect of activity level and ambient temperature on
thermoregulation in isolated honeybees (Hymenoptera: Apidae). Entomol. Gen. 1999; 24:13-21.

Stabentheiner A, Schmaranzer S. Thermographic determination of body temperatures in honey bees
and hornets: calibration and applications. Thermology. 1987; 2:563-572.

Stabentheiner A, Kovac H, Schmaranzer S. Honeybee nestmate recognition: the thermal behaviour of
guards and their examinees. J. Exp. Biol. 2002; 205:2637-2642. [PubMed: 12151369]

Stabentheiner A, Vollmann J, Kovac H, Crailsheim K. Oxygen consumption and body temperature of
active and resting honeybees. J. Insect Physiol. 2003; 49:881-889. [PubMed: 16256690]

Stabentheiner A, Kovac H, Schmaranzer S. Thermal behaviour of honeybees during aggressive
interactions. Ethology. 2007; 113:995-1006. [PubMed: 22140291]

Stabentheiner A, Kovac H, Brodschneider R. Honeybee Colony Thermoregulation — Regulatory
Mechanisms and Contribution of Individuals in Dependence on Age, Location and Thermal Stress.
PLoS ONE. 2010; 5:8967. doi:10.1371/journal.pone.0008967. [PubMed: 20126462]

Stabentheiner A, Kovac H, Hetz SK, Ké&fer H, Stabentheiner G. Assessing honeybee and wasp
thermoregulation and energetics-new insights by combination of flow-through respirometry with
infrared thermography. Thermochim. Acta. 2012; 534:77-86. [PubMed: 22723718]

Stevens MM, Jackson S, Bester SA, Terblanche JS, Chown SL. Oxygen limitation and thermal
tolerance in two terrestrial arthropod species. J. Exp. Biol. 2010; 213:2209-2218. [PubMed:
20543119]

Tan K, Hepburn HR, Radloff SE, Yusheng Y, Yigiu L, Danyin Z, Neumann P. Heat-balling wasps by
honeybees. Naturwissenschaften. 2005; 92:492-495. [PubMed: 16151794]

Terblanche JS, Deere JA, Clusella Trullas S, Janion C, Chown SL. Critical thermal limits depend on
methodological context. Proc. R. Soc. Lond. B. 2007; 274:2935-2942.

Terblanche JS, Hoffmann AA, Mitchell KA, Rako L, Le Roux PC, Chown SL. Ecologically relevant
measures of tolerance to potentially lethal temperatures. J. Exp. Biol. 2011; 214:3713-372.
[PubMed: 22031735]

Vorhees AS, Gray EMJ, Bradley JT. Thermal Resistance and Performance Correlate with Climate in
Populations of a Widespread Mosquito. Physiol. Biochem. Zool. 2013; 86:73-81. [PubMed:
23303322]

. Author manuscript; available in PMC 2014 November 04.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kovac et al.

Williams CM, Marshall KE, MacMillan HA, Dzurisin JDK, Hellmann JJ, Sinclair BJ. Thermal
variability increases the impact of autumnal warming and drives metabolic depression in an
overwintering butterfly. PLoS ONE. 2012; 7:€34470. doi:10.1371/journal.pone.0034470.
[PubMed: 22479634]

. Author manuscript; available in PMC 2014 November 04.

Page 14



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Kovac et al. Page 15

1,2+
O = Carnica
® Ligustica
0,8
]
?) 1
. 044 %
g o||® T
£ 1
é 0,0 E [ T l -;]f[ TT'}
[ 111 I | 'T T
1 i all
3
5 0.4+ |
£ al !
l_
L
-0,8 N 1
-1,2 T v T d T T T T F T T 1
30 32 34 36 38 40
o
T, (°C)

Figure 1.

Tr?oracic temperature excess (Tihorax— T abdomen) OF honeybees, Apis mellifera carnicaand A.
m. ligustica, in dependence on ambient temperature ( 7;) during resting periods in a
respiration measurement chamber. Open squares are values from Kovac et al. (2007). Error
bars represent standard deviation.
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a Standard metabolic rate (CO, production) of honeybees, Apis mellifera carnicaand A. m.
ligustica, during resting periods in a respiration measurement chamber, a in dependence on
ambient temperature (73), b in dependence on body temperature ( 7hogy=mean of thorax,
head and abdomen). Open squares are values from Kovac et al. (2007). Error bars represent
standard deviation. Linear regression functions for a Carnica—CO, production=
-87.5219+3.95603* 7,, A2=0.76649, n=21; Ligustica—CO, production=
-113.08465+4.86236* T,, R2=0.76689, /=21. Linear regression functions for b Carnica—
CO, production=-87.31312+3.90117* Tpoqy, R?=0.79567, n= 21; Ligustica—CO,
production=-141.77306+5.30591* Tyqqy, R2=0.75657, n=21.
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CO», production, activity and thoracic temperature excess of Apis mellifera ligustica during a
thermolimit experiment. Respiratory CTpmax=51.2 °C, activity CTmax=49.1 °C. Activity
CTmax Was indicated by cease of controlled motoric activity (=mortal fall). Residual analysis
of ADS indicated the point of respiratory CTax (=Cease of cyclic respiration, see “Materials
and methods™). The postmortal peak (increase of CO5 signal after CTax) coincides with a

thoracic heating bout starting right after mortal fall.
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Figure4.
Mortality of honeybees Apis mellifera carnicaand A. m. ligustica in dependence on ambient

temperature (7,) immediately after thermal treatment till 8 h after treatment (a-€). Twenty-
one experiments with 15-25 bees of each race. The lethal temperatures (LTsg) determined
from the sigmoidal curves are indicated. Curves were best-fitted with a sigmoidal function
(mortality=a/(1+b*exp~%T4). Parameters for functions: a Function could not be fitted. b
Carnica, &=90.53527, 6=2.07583E62, k=2.71334; Ligustica, &85.98757, 6=1.95105E65,
k=2.83602. c Carnica, =100, 6=3.00187E22, k=0.99141; Ligustica, =100, 6=8.09868E24,
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k=1.0899. d Carnica, &=100, £=3.07402E27, k=1.24218; Ligustica, &100, &= 2.36776E24,
k=1.07619. e Carnica, a= 100, &= 1.26685E36, k= 1.65179; Ligustica, a= 100, b=
5.51212E21, £=0.96916.
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Critical thermal maximum (CTyax) of activity and respiration of honeybees, Apis mellifera carnica (Car) and
A. m. ligustica (Lig). Means were compared with ttest. SD standard deviation, A/ number of experiments

(bees)
Activity CT nax Respiratory CT yax
mean SD max min N P mean SD max min N
A.m. carnica  49.2 196 518 438 20 0.5689 48.8 221 519 439 20
A. m. ligustica  50.0 1.01 517 482 20 0.8572 49.9 1.09 519 481 20

P (Carvs. Lig)

0.1176

0.0530
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