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Endothermic heat production in honeybee winter clusters
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Summary

In order to survive cold northern winters, honeybees surface. This shows that core bees play an active role in
crowd tightly together in a winter cluster. Present models thermal control of winter clusters. We conclude that
of winter cluster thermoregulation consider the insulation regulation of both the insulation by the mantle bees and
by the tightly packed mantle bees as the decisive factor endothermic heat production by the inner bees is
for survival at low temperatures, mostly ignoring the necessary to achieve thermal stability in a winter cluster.
possibility of endothermic heat production. We provide
here direct evidence of endothermic heat production by
‘shivering’ thermogenesis. The abundance of endothermic Key words: honeybeeApis winter cluster, heat production,
bees is highest in the core and decreases towards the endothermy, thermoregulation, thermography.

Introduction

Honeybees settle in a wide range of climates, from theome bees inside the cluster that actively produce heat by
tropics to the cool-temperate zones. Some races of the Westéshivering’ thermogenesis, the amount depending on ambient
honeybee Apis melliferal.) are able to survive cold northern temperature (Moritz and Southwick, 1992; Omholt and
winters as a whole colony (Heinrich, 1993; Southwick, 1985Lonvik, 1990; Fahrenholz et al., 1989). We present here direct
1988; Moritz and Southwick, 1992). This is possible becausevidence of shivering thermogenesis in the core of winter
at low temperatures they crowd tightly together in a winteclusters.
cluster. There is agreement among scientists that the insulation
by the tightly packed outer bees of the cluster, which reduces
heat loss drastically, is a decisive factor in survival at low Materials and methods
temperatures. However, in the absence of measurements of th&@wo winter clusters ofApis mellifera carnicaPollmann
body temperature inside natural winter clusters, there ar@pproximately 7000—9000 bees) were placed on four combs
diverging hypotheses of how the heat production inside thim a cage with the side walls open to allow access to the cluster
cluster, which is necessary to compensate for the heat losssisrface. The cage, which was set up on a loggia with access to
accomplished (Simpson, 1961). the outside, could be opened between the two central combs

The ‘heat entrapment model’ favours the hypothesis thain low-friction hinges. As opening of the cage would have
thermal stability and a high core temperature (approximatelgisturbed the bees, two infrared-transmissive plastic foils were
20-35°C) of broodless winter clusters is achievednserted between the two central combs. This way, the bees
predominantlyvia regulation of the heat loss by the mantleremained very quiet when the cage was opened because
bees. The cluster is supposed to maintain a high cotley were not separated from each other, and cooling of the
temperature by the metabolism of resting or slowly movingluster interior was minimized. Four small windows (each
bees alone, without additional active heat production bg.5cnmx3cm) in the edges of the foils allowed the bees to
‘shivering’ with the flight muscles (Lemke and Lamprecht,communicate and to move between the two parts of the cluster.
1990; Heinrich, 1993; Myerscough, 1993; Watmough ando ensure a broodless cluster, the queen was caged on one of
Camazine, 1995). ‘Shivering’ heat production by the inner beethie central combs. The body surface temperature of the bees
is, if at all, assumed only at temperatures below approximatelyas measured at night (23:00h—01:00h) or in the early
—10°C (Heinrich, 1993), where the metabolism of wintermorning (05:00 h—06:00h) by means of infrared thermography
clusters begins to increase steeply as the ambient temperat(#e&A 782 SW and ThermaCam SC2000; FLIR Inc.,
decreases (Southwick, 1988; Moritz and Southwick, 1992). Danderyd, Sweden; Stabentheiner and Schmaranzer, 1987).

The more general ‘superorganism model’ agrees with thiBody surface temperature was calibrated using the cuticular
hypothesis concerning the important role of the insulatingmissivity of the honeybee (0.97) and an AGA 1010 reference
mantle bees but, in addition, assumes that there are alwaygliator (Schmaranzer, 1983; Stabentheiner and Schmaranzer,
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1987; Schmaranzer and Stabentheiner, 1988). With the AGAvaluated only from night-time and two days after the

782 SW, measurements were made with close-upxperimental loggia had been entered for the last time.

instrumentation along 38 mm broad vertical scans from bottom

to top (Pressl, 1999). A scan lasted 10-15s. With the

ThermaCam SC2000, which has a higher spatial resolution Results

than the AGA 782 SW, all bees on the central comb of a Body temperatures were lowest in the outer bees and

different cluster could be measured simultaneously anthcreased towards the core (Figs 1, 2; Table 1). In the bees on

immediately after opening (Fig. 1). the outer surface of the flat side of the combs, which were
In another experiment, a broodless winter cluster waexposed to the highest thermal strain, mean thorax surface

thermographed day and night (1 pictur® §rom the side of temperature Tihoray Was 12.1°C. Only three out of 134 bees

the narrow ends of the combs (ThermaCam SC2000). To avo{e3%) had aTiorax below 9°C. By contrast, abdominal

any disturbance of the cluster, all recording equipment watemperature Tabhdomep Was frequently below 9°C. On the

placed in an adjacent laboratory, and recordings wereentral combTinoraxincreased from 16.9°C in the outermost
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- 25 GE) Fig. 1. (A) Infrared thermogram of the bees on the central
20 © comb of a broodless winter cluster (3.5s after cage
§ opening was started, FLIR ThermaCam SC2000). Note the
- 15 5 warm thorax (yellow and white spots) of the endothermic
2 bees with shivering thermogenesis. Two additional
- 10 2 measurements in the same cluster confirmed this finding
| 5 (not shown). The arrow points to the queen. Bees that

visited the surface are visible at the lower left end of the

cluster. (B) Temperature profile along the line marked in

A; arrows mark the thoraces of endothermic bees hit by the
line. (C) Infrared thermogram of the bees on the flat side of
an outer comb (same cluster as in A); one (periphery) to
four (centre) bee layers. Ambient temperature was 5.5°C
3cm beneath the cluster and 3.7°C 1m outside the open
cluster cage.
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ring of bees to 22.8°C in the bees between the outer ring aBdC below the lowestTapdomen in the centre. Ambient
the core, and to 30.4°C in the core bees (Table 1). Bees wammperature was 0.9°C to 6.3°C within 3 cm of the clusters and
counted as being in the core whBfdomenwas not more than —1.1°C to 3.7°C 1 m outside the cage, the difference amounting
to 0.6-3.1°C. For comparison, the temperature difference
Top A Cluster surface between the outermost air space inside the hive and the air
20- f?ﬁggax temperature outside the hive amounted to 3.6-6.1°C with the
o Abdomen Plexiglas side walls of the cage closed. In standard colonies,
it amounts to approximately 8-9°C (H. Kovac, personal
e Y communication).
Fig. 1 provides direct evidence of endothermic heat
10 ﬁ : - : o
o % production by bees inside a winter cluster. In addition to many
5
A

bees with no or only little endothermy, a considerable number

o
o

om o

TaTacl % of bees with actively heated thoraces was observed. Intense
J l B ‘gﬁ endothermy was directly visible because of the hot thorax (Fig.
Bottomo_ : - L : : , 1), but weak endothermy could not be judged easily because
0 10 20 30 40 of the steep temperature gradients inside the clusters (Figs 1,
B Central comb 2). Therefore, we counted only bees Withoraxat least 0.2°C
oroRy, higher than Thead and Tabdomen @s definitely endothermic
o @%@ (Theac< Tthora¥> Tabdomep. Most endothermic bees were located
% in the core (approximately 15-16% of all bees on the central
' 20 comb), and their abundance decreased towards the surface
% (Figs 1, 3). This relationship was reversed in those bees that

Postion (cm)

Top
20+

10 were assumed to primarily follow the local temperature

C
o an® gradient, with no or only minute endothermic heat production
TaTa I éA\ (Theaq>Tthora>>Tabdomeh Fig. 3). Among'the surface bees on the
o e P flat side of _the combs, which experlenced the most extreme
O-l l o o @ thermal strain, 56% belonged to this latter class (Fig. 3A). Bees
Bottom ™7 10 20 30 40 sitting ‘the wrong way round’ in the temperature gradient (i.e.
Temperature®C) with the head pointing outwards to the lower temperature) were
Fig. 2. Body surface temperatures of bees in a winter cluster alor{Seldom on the cluster surface and |n' the outer ring o.f b.ees on
vertical scans on the surface of the flat side of an outer comb (A) an € centra}l comb but occurred at a higher frequency inside the
on the central comb (B). Lines at 9°C mark chill coma temperatureg uster (Fig. 3). . .
(Free and Spencer-Booth, 1960; Esch, 1988; Goller and Esch, 1990).Because of the steep and variable temperature gradients
Ta, air temperature 1m outside the cluster cage; air temperature  iNside a winter cluster (Figs 1, 2), the amount of endothermy
3cm beside the cluster surface; O, outermost bee layer; gannot be estimated directly from the differences between
intermediate bees; C, core bees. Tihorax @and ambient or abdominal temperature. However,

Table 1.Mean body surface temperatures of honeybees in broodless winter clusters

Temperature (°C)

Part of cluster Head Thorax Abdomen N Nm
Surface 12.6+2.06 12.1+1.92 9.6+2.14 98/134/144 3
(8.7-20.0) (7.5-18.3) (6.2-16.9)
Central comb
Outermost bee layer 17.1£2.77 16.9+2.72 15.2+2.88 65/65/65 4
(11.2-24.7) (11.2-24.3) (10.7-22.9)
Intermediate bees 22.5+3.80 22.8+3.71 21.8+3.05 136/136/135 4
(15.2-31.5) (15.2-31.7) (15.2-27.8)
Core bees 29.1+2.81 30.44£3.22 29.0+2.24 110/114/114 4
(23.2-36.2) (23.1-39.6) (21.7-33.9)

Temperature values are meanst: (range given in parentheses).

N, number of values (head/thorax/abdoméy); number of measurements. Ambient air temperature was 0.9°C to 6.3°C 3cm beside the
clusters, and —1.1°C to 3.7°C 1 m away.

Body parts significantly different between different parts of the cluBtd.0001 t-test).
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Fig. 3. Frequencies of bees with different temperature relationshiy 30-
o C Corebees
between body parts in winter clusters on the central comb and on t|
cluster surface on the flat side of an outer comb. Hd, head; Tl M
thorax; Ab, abdomen. For cluster parts, compare Fig. 2. Body par
were considered as different if their temperatures differed by at lea 204 )
0.2°C. Distributions significantly different within (A) and (B) at 1 :
P<0.001, except intermediate and core inA@.1; Bonferronix? v -
statistics). (A) Sum of three measurements made with close-u 0 5 10
instrumentation along 38 mm broad vertical scans (AGA 782 SW 101
within 10-15s after the start of cage opening. For the central com
frequencies were projected to the whole comb assuming a circul,
distribution of the bees (604 bees=100%; 132 bees measured). F
the cluster surface, 78 bees=100%. (B) Simultaneous measuremt M |_| |_| N o |_|
of all bees on the central comb of a different cluster (Fig. 1A) 3.5: 0- 0 5 10
after the start of cage opening (181 bees=100%). TirTab (°C)

] » ) _Fig. 4. Frequency distributions of the temperature difference between
comparison of the bees that were classified to primarilthorax i) and abdomeriTgp) in different parts on the central comb
follow the local temperature gradient (Class ‘c’ in Fig. 3) withof broodless winter clusters in endothermic bees (Class ‘a’) and in
the bees classified as endothermic (Class ‘a’ in Fig. 3) shovbees with no or only minute endothermy (Class ‘c’; compare Fig. 3;
that, although in Class ‘c’ the difference Bfiorax-Tabdomen  fOUur measurements). Broken arrows represent the means of Class ‘a’:
decreased towards the core as expected, it remained negl-8t1.26 N=10) in (A), 2.1+1.95 K=36) in (B) and 2.2+2.17
the same in Class ‘a’ despite the decreasing temperatu(NZGS) in (C). U_nbroken arrows repre_sent the means of Class ‘c”
gradients (Fig. 4). The relative proportion of bees with 6_2'51-00'9? N:t37) ;‘n (A)G.l_lt-7_l;—flt-_14|’@=2_:r)] |n”(B)| and 1.91?.20\(}(:7)
TinoracTabdomenof >2°C was lower in Class ‘a’ than in Class " (C). Insets show distributions with all classes included; means

o . . were 1.7+1.41N=65) in (A), 1.0+1.63=135) in (B) and 1.4+2.04
0, 0,
C (30/()V6I’SU565 %, respectlvely) in the outermost bee Iayer,(N 114) in (C). Medians in no part of the clusters were significantly

slightly higher in the intermediate bees (36%#rsus22%) gifferent between Class ‘a’ and Class ‘c’; medians were significantly

but clearly higher (40% versus 14%) in the core ifferent between the outermost bee layer and the intermediate and
(relationship between Classes ‘a’ and ‘c’ was significantlycore bees in Class ‘c’ and when all classes were pooled (insets)
different among all three parts of the clusterPa0.05, (P<0.005,U-test).Thq, head temperature.
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Bonferroni X2 test; compare Fig. 4). The outermost beessays that the core bees play an active role in thermal control
minimized endothermy. Strongly endothermic bees thafMoritz and Southwick, 1992).
remained stationary, as were found in the core, were not Resting metabolism — although higher in the core — is not
observed on the cluster surface nor in the outer ring of be@done the source of the heat that is necessary to compensate for
on the central comb (Figs 1-3). the heat loss (Fig. 1), because there must be some convection
Additional (and conclusive) evidence that there is always & the cluster (either cyclic or permanent) that allows the
certain number of endothermic bees inside a broodless winteluster to get rid of the COproduced (Heinrich, 1981; Van
cluster at air temperatures around the freezing point waserum and Buelens, 1997) by both the endothermic bees
provided by the experiment where the cluster surface watrough shivering thermogenesis and the ectothermic bees
thermographed continuously for many hours. Evaluation o&ccording to their resting metabolism.
21h of recordings from night-time (21:00 h—08:00 h) showed Southwick (1983, 1988) and Southwick and Heldmaier
that bees appeared on the cluster surface at a rate (@®87) showed that the oxygen consumption of winter clusters
6-80 beest. All of them were endothermic, with a meBrad  increases as the ambient temperature decreases. The increase
of 21.6+3.58°C, althorax Of 27.5+4.09°C and dabdomenOf  is moderate between approximately +10°C and -5°C and is
20.9+3.62°C N=1183 values, 781 bees; compare Fig. 1). Ofsteep below approximately —-5°C to —10°C. In swarm clusters,
these bees, 90% re-entered the cluster within 10s, and the rds steep increase has already started at +10°C (Heinrich,
re-entered within 3 min. We conclude that visiting the surfacd981). Oxygen consumption also increases with decreasing
by endothermic bees is part of the natural behaviour in winterluster size (Southwick, 1985). Therefore, the frequency and
clusters. intensity of endothermic heat production have to be assumed
to increase with decreasing ambient temperature and cluster
_ _ size. On the other hand, we suggest that at higher ambient
Discussion temperatures large (swarm) clusters that have come to rest (e.g.
The present investigation showed that endothermic heat night) may be able to largely reduce endothermy (Heinrich,
production occurs regularly in winter clusters. This supports 4981).
report by Esch (1960) who monitored the body temperature of If the thorax cools below the chill coma temperature of
bees of a winter cluster in an observation hive. Bees witB—11°C, honeybees are no longer able to activate their flight
thermocouples attached to thorax and abdomen (‘on the linefuscles for heating (Free and Spencer-Booth, 1960; Esch,
repeatedly showed heating phases. In the present investigatid®88; Goller and Esch, 1990) and eventually fall off the
heating as an immediate reaction to cage opening was nduster. Watmough and Camazine (1995) assumed that the
observed. In the measurement shown in Fig. 1, it cannot eveuter bees react with thoracic heating to avoid chill coma.
theoretically account for the high thorax temperatures in th&fficiency considerations, however, suggest that the surface
intensely endothermic core bees because, within 3.5s of tiees should avoid endothermy because any heat from the
start of cage opening, heating at a rate of 7-8°Cmin surface bees is immediately lost to the surrounding air. Our
(Heinrich, 1981; Stabentheiner et al., 2002) would onlydata show that endothermy seldom occurs in the outer bees
account for a thoracic temperature increase of 0.4-0.5°C. and, if it does occur, is only weak (Figs 1-3). Intense
We conclude that current models of winter clusterendothermy of surface bees was observed only in an
thermoregulation (Lemke and Lamprecht, 1990; Myerscougtemergency case when only one layer of bees was left on the
1993; Watmough and Camazine, 1995) that neglect the role it side on an outer comb. Before the bees walked to the
active (endothermic) heat production are incomplete. Thadjacent beeway between the combs they heated up their
following points have to be incorporated in these models (setboraces. On the opposite cluster surface, where up to four
below). layers of bees were sitting, intense endothermy was not
Some of a winter cluster's bees are endothermic, and mosbserved. There, the body temperatures resembled the situation
of these bees are located inside the cluster although these bskswn in Fig. 1C (our unpublished observations).
are not in immediate danger of freezing or falling into chill It should be pointed out that the occurrence of endothermy
coma. From efficiency considerations, one would expect thmside winter clusters does not contradict the hypothesis of
bees to make the most of the heat if it is produced in the corgelf-organized cluster thermoregulation (Heinrich, 1981,
In fact, most endothermic bees were located in the cor£993; Moritz and Southwick, 1992; Watmough and
(approximately 15% of all bees on the central comb), and the€amazine, 1995). It is well conceivable that the endothermic
abundance decreased towards the surface (Figs 1-3) and bees decide individually to start shivering thermogenesis
the other way round. However, not only the probability but als@r to stay ectothermic. However, in order to optimize
the intensity of endothermy increased with increasing locaénergetic investment, the core bees should know about
temperature in the cluster (towards the core; Figs 1, 4). Thie thermal needs of the bees sitting closer to the surface.
heat of the endothermic core bees is of benefit for the thermButure investigations will have to solve the question of
comfort of themselvesand their sisters on the cluster whether or not the endothermic bees that visit the surface
periphery. This supports a main assumption of thelay a role in the regulation of heat production in winter
superorganism model of winter cluster thermoregulation whiclelusters.
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