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Summary. The temperature at the centre, the pe- 
riphery and the entrance of a honey bee colony 
(Apis mellifera carnica) was continuously deter- 
mined during the summer season and the broodless 
time in winter. During the summer season the tem- 
perature in the brood nest averages 35.5 ~ with 
brief excursions up to 37.0 ~ and down to 
33.8 ~ Increasing environmental temperatures re- 
sulted in linear increases in the temperature of the 
hive entrance, its periphery and its centre. The tem- 
perature in the centre of an overwintering cluster 
is maintained at an average value of 21.3 ~ (rain 
12.0 ~ max 33.5 ~ With rising ambient temper- 
atures the central temperature of a winter cluster 
drops whereas the peripheral temperature increases 
slightly. With decreasing external temperatures the 
peripheral temperature is lowered by a small 
amount while the cluster's centre temperature is 
raised. Linear relationships are observed between 
the central and the ambient temperature and be- 
tween the central temperature and the temperature 
difference of the peripheral and the ambient tem- 
peratures. The slopes point to two minimum 
threshold values for the central (15 ~ and the 
peripheral temperature (5 ~ which should not be 
transgressed in an overwintering cluster. Microca- 
lorimetric determinations of the heat production 
were performed on the three castes of the honey 
bee: workers, drones and queens of different ages. 
Among these groups single adult workers showed 
the highest heat production rates (209 roW. g-1) 
with only neglectible fluctuations in the heat pro- 
duction rate. Juvenile workers exhibited a mean 
heat production rate of 142 mW.g- : .  The rate of 
heat production of adult workers is strongly de- 
pendent upon the number of bees together in a 
group. With more than 10 individuals weight-spe- 

cific heat dissipation remains constant with in- 
creasing group sizes at a level approximately 1/17 
that of an isolated bee. Differences are seen be- 
tween the rates of virgin (117 roW.g-1) and laying 
(102 mW.g-1) queens. Laying queens showed less 
thermal fluctuations than virgin queens. High fluc- 
tuations in heat production rates are observed for 
drones. In both groups (fertile, juvenile) phases of 
high and extremely low activity succeed one an- 
other. The heat production of juvenile drones was 
68 mW-g-  t, that of fertile drones 184 mW.g-  1 
due to stronger locomotory activities. 
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Introduction 

One of the conditions necessary for development 
from a solitary mode of life to a life in an eusocial 
community is a shortening of the period required 
for individual development. Brood care, by provid- 
ing energy through intensive feeding and warming, 
leads to a shortening of the time required for com- 
plete embryonic development. In addition to the 
individual requirement (i.e., the individual meta- 
bolic balance), heat production occurs which also 
benefits the adult members of the community. The 
investigations presented here are an analysis of the 
dynamics of thermoregulation in bee clusters with 
and without brood, and of the contributions of 
isolated members and small groups to the energy 
balance of the colony (workers with hive duties, 
foragers, juvenile and fertile drones, virgin and lay- 
ing queens). 
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Biological  reac t ions  genera l ly  involve  a signifi- 
can t  hea t  p r o d u c t i o n .  Life is a c o n t i n u o u s  s t ruggle  
aga ins t  e n t r o p y  wh ich  m u s t  be d iss ipated  in the 
f o r m  o f  hea t  to  the e n v i r o n m e n t  in o rde r  to m a i n -  
ta in  a state o f  low e n t r o p y  charac te r i s t ic  o f  l iving 
organ isms .  There fore ,  hea t  f low f r o m  bio logica l  
sys tems can  be used to m o n i t o r  m e t a b o l i c  and  lo- 
c o m o t o r  activit ies w i t h o u t  in ter fer ing  wi th  the sys- 
tem. M o d e r n  isoper ibol ic  hea t  f low ca lor imete rs  
(Calvet  and  P r a t  1956; H e m m i n g e r  a n d  H 6 h n e  
1984) serve this pu rpose .  T h e y  can  be used  in two  
ways :  as i n s t rumen t s  for  quan t i t a t ive  eva lua t i on  
o f  hea t  p r o d u c t i o n  ra tes  as a func t ion  o f  t ime ( p -  
t-curves),  or  as ana ly t ica l  tools  to  m o n i t o r  act ivi ty  
pa t t e rns  o f  the inves t iga ted  an imals  ( L a m p r e c h t  
1983). I n  this p a p e r  b o t h  m e t h o d s  have  been  used  
and  reveal  s ignif icant  differences in hea t  p r o d u c -  
t ion  rates,  as well as in act ivi ty  pa t te rns ,  be tween  
queens ,  worke r s  a n d  drones .  

M o s t  d a t a  in the l i tera ture  on  hea t  p r o d u c t i o n  
o f  individuals  or  g r o u p s  o f  bees have  been  o b t a i n e d  
by  indi rec t  ca lor imet ry ,  i.e., ca lcu la ted  f r o m  oxy-  
gen c o n s u m p t i o n  a n d  c a r b o n  dioxide  p r o d u c t i o n  
us ing a R Q  o f  1.0 a nd  a f ac to r  o f  21.13 J ' m l  CO~ -1 
p r o d u c e d  (Ri t te r  1982). Di rec t  ca lor imet r ic  experi-  
men t s  are  rare  ( R o t h  1964, 1965), so tha t  the values  
o b t a i n e d  here  have  to be c o m p a r e d  wi th  those  o f  
indi rec t  ca lor imet ry .  

Un t i l  n o w  m o s t  ca lor imet r ic  exper iments  on  so- 
cial insects were  run  wi th  single individuals ,  some-  
t imes wi th  several  in one  ba t ch -ca lo r ime te r  ( R o t h  
1964, 1965). Such  results  p rov i de  i n f o r m a t i o n  
a b o u t  the hea t  p r o d u c t i o n  o f  an  i sola ted  m e m b e r  
o f  the s tock  bu t  n o t  a b o u t  their  in te rac t ions  in 
terms o f  t h e r m o r e g u l a t i o n .  A c o m b i n a t i o n  o f  ca-  
lo r ime t ry  and  t h e r m o m e t r y  for  es tabl ishing ene rgy  
ba lances  has  n o t  yet  been  appl ied  to  bee p o p u l a -  
t ions, bu t  m a y  be c o m p a r e d  wi th  t h a t  fo r  an  an t  
hill (Coenen-S ta s s  et al. 1980; B a c h e m  et al. 1980;  
B a c h e m  a n d  L a m p r e c h t  1983). Such  inves t iga t ions  
de te rmine  the c o n t r i b u t i o n s  to  the to ta l  ene rgy  bal-  
ance  o f  the s tock  by  external  c l imat ic  factors ,  be- 
h a v i o u r a l  hea t  p r o d u c t i o n ,  me tabo l i c  hea t  p r o d u c -  
t ion  o f  the social  insects a nd  their  d i f ferent  states,  
and  finally by  mic rob ia l  p o p u l a t i o n s  on  the con-  
s t ruc t ion  mate r ia l  o f  the co lony .  

Materials and methods 

Measurement of hive-temperature. The hive temperature of a 
bee colony (Apis mellifera carnica) was determined continuously 
during the spring and summer season of 1985 and during the 
winter season 1985/86. During summer the specially prepared 
hive was placed in a flight room. However, the bees were able 
to forage in the open. During winter the hive was placed in 
the open. 

Temperature was measured with thermocouple wires (Cr/ 
Ni) attached to a multiple channel-printer (Linseis 7005). Mea- 
surements were taken of the ambient temperature at the periph- 
ery and centre of the hive (in the broodnest between the combs) 
as well as at the hive entrance. The thermocouples remained 
in their position throughout the entire period of observation. 
The external temperature and the temperature of the flight 
room was monitored hourly by means of a digital thermometer. 
During winter temperature was monitored at the periphery and 
in the centre (between the combs) of an overwintering cluster 
as well as at the hive entrance. 

The special hive of five combs was furnished with 12 small 
plastic tubes inserted into holes drilled in the combs. The ther- 
mocouples were adjustable in these plastic tubes. In this way 
the temperature of every point in the hive could be monitored. 
Visual control of the broodnest or the cluster position was 
possible by means of windows in the walls and the cover sheet. 

During summer the colony consisted of approximately 
20000 bees and brood at all developmental stages. The mass 
of the combs amounted to 2000 g. 

Calorimetry. Calorimetric experiments were performed in a 
batch calorimeter of the Calvet type (Setaram/Lyon) with 4 ves- 
sels of 100 ml each. The sensitivity of the instrument was 53 V. 
mW- 1, with a time constant of approximately 8 rain. The mean 
heat production rate of workers at 25 ~ was 20 roW, so that 
the usual setting of the recorder (Kipp and Zonen/Delft, BD 5 + 
BA5) was 5 mV full deflection and a paper speed of 12 cm. h-  1. 
The power-time curves obtained were evaluated for maximum 
and minimum rates of heat production, the mean heat produc- 
tion over several hours, and for temporal structures, and thus 
activity patterns, in the heat output of the animals under investi- 
gation. 

The mean heat production was determined by integrating 
the heat flow over several hours by means of a mechanical 
(Ott/Kempen) or electronic planimeter (Digikon; Kontron/ 
Mfinchen) and dividing by time. By this procedure individual 
periods of activity are eliminated and an energetic level near 
to mean metabolism is obtained. Because the time constant 
of the calorimeter is relatively long compared with the activity 
patterns the maximum heat flows are flattened. 

Keeping of the experimental bees. Shortly before testing the bees 
were caught at the hive entrance (or in the hive) and transferred 
individually to the test vial (100 ml) containing some honey 
for feeding ad libitum and a paper strip for resting purposes. 
The measurements were made in summer (1985) from 9 am 
to 5 pm and they lasted 4 hours for drones and workers, and 
2 hours for queens. 

The bees were divided in six groups of young (3-6 days 
old) and adult (over 18 days old) workers, juvenile and fertile 
drones, as well as virgin and laying queens. Before and after 
the calorimetric measurement the bees were weighed to the 
nearest 0.1 mg (Sauter balance 414/13). The weight of the bees 
did not differ significantly before and after the experiments. 

Results 

Measurements of  temperature in the colony 

Over  a pe r iod  o f  10 m o n t h s  (June 1 9 8 5 - M a r c h  
1986) the m e a s u r e m e n t s  o f  t e m p e r a t u r e  were  m a d e  
wi th  reference to  seasona l  a m b i e n t  t empe ra tu r e s  
and  b r o o d  p r o d u c t i o n .  D u r i n g  the s u m m e r  season  
the t e m p e r a t u r e  in the b r o o d  nest  ave raged  35.5 ~ 
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Fig. l a, b. Changes of central, peripheral and hive entrance 
temperature of a breeding colony during the morning of a fine 
summer day (3 July 1985) with strongly rising ambient tempera- 
tures, a Temperatures at the centre (To o - - o ) ,  the periphery 
(Tp o---o), the entrance (To o - - o )  and the environment (T, 
o - - -o )  as function of the time of day. b Temperature Tc (a), 
T v (o) and To (n) as function of the ambient temperature Ta 

with some short excursions up to 37.0 ~ and 
down to 33.8 ~ while the ambient temperature 
changed between 15 ~ and 39 ~ The tempera- 
ture variations at the peripheral areas amounted 
to 17 ~ and at the hive entrance to 25 ~ about 
10 times larger than in the nest centre. 

Overheating and thermoregulation 
of a breeding colony 

It is well known that bees concentrate on maintain- 
ing an optimal temperature in the brood nest (in 
this case 35.8 ~ compensating an increase in 
temperature by spreading water and fanning (Lin- 
dauer 1954; Heinrich 1985, 1979, 1980). Figure 1 
shows the results of  increasing ambient tempera- 
tures Ta on hive temperature. While the core tem- 
perature Tc rises only slightly (from 35.0 to 37 ~ 
in response to an outside increase of 11 ~ the 
temperature Tp at the periphery increases by 9.0 ~ 
and at the entrance (Te) by 16.5 ~ becoming 
slightly above that of  the periphery. This might 
be due to the additional fanning activities of the 
bees for thermoregulation. Above 18 ~ all three 
temperatures show a strong linear dependence 
upon the ambient temperature Ta. These relation- 

ships can be described by the following regres- 
sions: centre, Tc=0.222"Ta+31.0 (r=0.994, s =  
0.041); periphery, Tp=0.907'Ta+14.2 (r=0.991, 
s=0.210); entrance, Te=1.612" T , - 3 . 5  (r=0.985, 
s = 0.483), where r is the regression coefficient and 
s the standard deviation. Similar linear relation- 
ships can be calculated from data of Ritter (1982) 
(see discussion). 

Broodless colony (cluster) and its thermoregulation 

In all hive areas of a broodless colony temperature 
is lower than in breeding colonies. In the centre 
of an overwintering cluster it is maintained at an 
average of 21.3 ~ during the period from October 
to March (1985-1986). Dai ly  fluctuations of 
-t-10 ~ appeared with minima of 12.0 ~ and 
maxima of 33.5 ~ while the ambient temperature 
changed from - 1 2  ~ to + 10 ~ The tempera- 
ture Tp at the cluster's periphery averaged 11.0 ~ 
and constantly remained at a lower value than in 
the centre. 

The mode of thermoregulation during falling 
and rising ambient temperatures in a broodless 
cluster is clearly demonstrated in Figs. 2 a and b. 
These data can be interpreted in two ways, in terms 
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of the minimum periphery temperature Tp or ener- 
getic balance. One aim of thermoregulation is to 
keep the peripheral temperature above +5 ~ 
When the ambient temperature drops in the course 
of a winter night, the core temperature rises by 
more than 10 ~ and stabilizes the peripheral value 
at around +6 ~ (Fig. 2a). On the other hand, 
increasing ambient temperatures in a winter morn- 
ing results in a lowering of the central temperature 
by 8 ~ while the periphery warms up slowly 
(Fig. 2b). Plotting the temperature T~ of the center 
versus the ambient temperature Ta gives two 
straight lines with a slope of + 15 ~  ~ and 
- 1 0  ~ 10 ~ for falling and rising ambient 
values, respectively (Fig. 2 c). 

The heat loss from the cluster is proportional 
to its momentary surface, the heat conductance 
through the surface and the temperature difference 
between the periphery and the surroundings. This 
loss has to be compensated by the heat production 
of the bees in the cluster. The reduced heat loss 
through the surface and the increased heat produc- 
tion in the cluster lead to a temperature rise in 
the core. Figure 2d shows a linear relationship be- 
tween the central temperature and the temperature 
difference between periphery and environment 
over a wide temperature range (indicated in 
Fig. 2d by dash-dotted lines). The accumulation 
of data at T= I0 ~ again points to the economic 
aspect of thermoregulation. 

Microcalorimetric determinations 
of the heat production 

Calorimetric experiments were performed on 
workers (total number 40), drones (40) and queens 
(24) of different ages. Weight-specific heat produc- 
tion rates for all groups are presented in Fig. 3 
in a Box-and-Whisker-plot (McNeil 1977; Lorenz 
1984) calculated for the cited numbers. 

Ignoring the strongly increased energy dissipa- 
tion in isolated individuals, the Box-and-Whisker- 
plot clearly shows the high rate of heat production 
of adult workers (209_+21 mW-g-  1) compared 
with isolated individuals of other groups. Similar 
differences are seen in the rates of virgin and laying 
queens (117__15 mW.g -1 and 102_+14 mW.g -1, 
respectively), and between fertile and young drones 
(184 + 37 mW. g- ~ and 68 + 19 mW. g- 1, respec- 
tively), which on average produce only one third 
of the heat of an adult worker of equal weight. 
To facilitate a comparison of all groups, maxi- 
mum, mean and minimum heat production rates 
are also presented in Table 1. 
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Fig. 3. Comparison of the characteristic figures of heat produc- 
tion rate for the different castes of bees. The weight-specific 
values are presented in a Box-and-Whisker plot: x, mean; 2, 
median; Xo.2s and Xo.vs, first and third quartile; s, standard 
deviation; Xmi n and x . . . .  minimum and maximum values ob- 
served in all experiments, w(a) adult workers; w(y) young 
workers; d(f) fertile drones; d(y) young drones; q(1) laying 
queens; q(v) virgin queens 

Table 1. Minimum, maximum and mean rates of weight-specific 
heat production ( m W . g - i )  for isolated members of the differ- 
ent castes (SD=standard deviation) 

Castes min max mean SD 

Workers 

Adult / 76 237 209 21 
Young 96 /72 142 23 

Drones 

Fertile 142 234 /84 37 
Juvenile 37 103 68 /9 

Queens 
Laying 85 ] 31 J 02 12 
Virgin 107 158 117 16 

Information about the locomotor activities of 
members of the different groups may be inferred 
from the patterns in the calorimetric curves of heat 
production versus time (p-t-curves). They are 
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Fig. 4a, b. Typical rates of heat production as a function of 
time (p-t-curves) at 25 ~ for isolated individuals, a adult 
worker of 100 mg, 21 days old; b fertile drone of 200 mg, 
21 days old 

shown in a representative manner in Figs. 4 and 
5. Adult workers exhibit relatively smooth curves 
without substantial fluctuations (Fig. 4a) which 
correspond to a small interval between Xmax and 
Xmi, in the Box-and-Whisker-plot (Fig. 3). These 
findings can be interpreted as a continuous loco- 
motor activity of the workers without resting peri- 
ods, confirmed by direct endoscopic observations 
of the animals in the calorimetric vessel. Only for- 
agers show a continuous high locomotor activity 
during the whole experimental time. Young 
workers and drones (juvenile and fertile) and 
queens (virgin and laying) exhibit irregular phases 
of locomotor activities like walking and flying 
movements (In press). Similar smooth curves of 
oxygen consumption are reported by Allen (1959) 
for adult workers. Drones give completely different 
curves (Fig. 4b). Phases of high and extremely low 
activity succeed one another. The ratio of maxi- 
mum and minimum values can rise to more than 
100 in special cases and amount to a mean of 35 
for fertile, and 46 for young drones, while the cor- 
responding mean ratios for adult and young 
workers are 1.7 and 2.7, respectively. The location 
of the median relatively to the mean value and 
the distances of the standard deviations from the 
extremes in Fig. 3 emphasise that for drones only 
a few periods of  high activity are responsible for 
the intensive heat production rate during an ex- 
tended period of low level activity. Laying queens 
show less marked fluctuations (ratio 3.9; Fig. 5 a) 
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Fig. 5a, b. 'Typical rates of heat production as a function of 
time (p-t-curves) at 25 ~ for isolated individuals, a laying 
queen of 200 mg, 21 days old ; b virgin queen of 150 rag, 7 days 
old 

than virgins (ratio21.1; Fig. 5b) and resemble 
drones in terms of heat flow patterns. 

Since bees are social insects their weight specific 
rate of metabolism and heat production depends 
strongly upon the number of  animals together in 
a group (Free and Spencer-Booth 1958; Roth 
1964). Figure 6 depicts in a Box-and-Whisker-plot 
the influence of group size on the heat production 
rate of workers at 25 ~ Heat production falls 
rapidly as the number of bees increases but remains 
relatively stable when there are more than six indi- 
viduals in the group. The mean reduction amounts 
to a factor of approximately 17. The minimum, 
mean and maximum heat production rates are also 
given in Table 2 for all groups. 

Discussion 

Measurement of hive temperature 

The thermal investigations of an entire bee colony 
indicate that thermoregulation is related to differ- 
ent activities of the bees. High ambient tempera- 
tures, which may result in an overheating of the 
colony, are compensated mainly in the brood area 
(Lindauer 1951, 1954; Wohlgemuth 1957). Al- 
though the brood-nest temperature is maintained 
above 33 ~ the temperatures in the broodless ar- 
eas and at the hive entrance may fluctuate widely. 

Heinrich (1981) found that above an ambient 
temperature Ta of 16 ~ the mantle temperature 
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Table 2. Minimum, mean and maximum weight specific heat 
production rates (mW. g -  i) for different groups of worker bees 

Number  of bees min max mean SD 
in a group 

i 176 237 209 21 
3 72 11 87 11 
6 20 40 30 7 

12 8 20 13 4 
18 7 17 12 3 

is not regulated and follows T,. This is in agree- 
ment with our observations (Fig. 1 a, b) that above 
16 ~ Tp follows Ta with a slope near to 1 (0.907) 
as expected for an inert, thermally neutral system. 
The slope of 0.222 for Tc as a function of Ta clearly 
points to the thermoregulatory activity of  the bees 
in the core of the hive. The stronger increase in 
the Te slope might be partly due to bees warming 
up for flight, and above 35 ~ to fanning activities 
for thermoregulation of the core. It should be not- 
ed that the three lines meet at one point ( +  35.5 ~ 
of preference temperature. Corresponding behav- 
ior may be deduced from Fig. 9 (B) of Kronenberg 
and Heller (1982) for the temperature distribution 
of brood at different ambient temperatures in the 
presence of bees. 

The linear relationship between the hive and 
ambient temperatures may be cautiously compared 
with those of Ritter (1982, his Figs. 5-8), although 
his temperature values were not obtained in the 
course of  rising ambient temperatures during one 
morning. Between 9 ~ and 24 ~ in the environ- 
ment the temperature in the outer passages of  the 
hive with brood increased linearly with a slope of 
0.63 ~ per degree ambient, while the slope for 
the centre was 0.15 ~ per degree ambient. For 
the temperature difference between the hive and 
the environment Ritter observed a further linear 
relationship with the ambient temperature, ex- 
pressed as AT= Te-Ta=24.7-0.7 Ta, which 
transforms to our notation as: Tc=24.7+0.3 T,. 
The slopes are similar, although higher central 
temperatures result in our example. Some other 
observations in the literature point to such linear 
relationships but they are difficult to evaluate. 

A sudden drop in ambient temperature induces 
a temperature increase in the core (Fig. 2a, c) 
which is due to reduced thermal losses at the man- 
tle and to increased metabolic activities. It is 
known from the literature (e.g., Free and Spencer- 
Booth 1958, 1959; Simpson 1961 ; Free and Simp- 
son 1963; Heinrich 1981) that in winter honeybee 
clusters use two methods to lower their heat loss 
in the face of falling temperatures. At first the clus- 
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Fig. 6. Box-and-Whisker-plot of the specific heat production 
rates in groups of workers at 25 ~ n = number  of bees in a 
group 

ter diameter is reduced and a denser packing of 
the mantle bees results, thus reducing the heat 
transducing surface and the heat conductance 
(Free and Spencer-Booth 1958). Since only a lim- 
ited reduction is possible (Free and Spencer-Booth 
1959), further losses have to be compensated by 
an active heat production. This was demonstrated 
by an increased metabolic activity at low ambient 
temperatures (Free and Spencer-Booth 1958, 1959; 
Southwick 1982; Worswick 1987; Nagy and Stal- 
lone 1976; Ritter 1982). 

Figure 2c shows how the core temperature To 
follows the decreasing ambient temperature T,. At 
values just below zero it remains constant and rises 
in an inverse fashion with a slope of + 15 ~ 
- 1 0  ~ below - 5  ~ At a Ta below - 1 0  ~ the 
core temperature levels off, resulting in an inverse 
sigmoid curve. Increasing Ta leads to a correspond- 
ing change of  the centre temperature but with a 
less steep slope ( - 1 0  ~ 10 ~ and in a hyster- 
etic manner. This slope may be interpreted in terms 
of a delayed sensing of the ambient temperature 
changes, and as an enhanced response to the dan- 
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gerously low temperature compared to the more 
favourable increasing temperature. Further investi- 
gations are necessary to develop a cybernetic mod- 
el (e.g., Ritter 1982) for such behaviour, although 
similar inverse relationships as indicated in Fig. 2c 
were postulated or demonstrated by several au- 
thors (e.g., Himmer 1932; Free and Spencer-Booth 
1958). 

The slope of  the core temperature in Fig. 2b 
might be extrapolated to roughly 15 ~ for a fur- 
ther increase in the ambient temperature. This indi- 
cates that a first set point is essential for thermore- 
gulation: In Fig. 2a and b + 15 ~ is the lower 
threshold for the core temperature which has to 
be guaranteed in an overwintering cluster. This is 
in agreement with observations of  different au- 
thors of a minimum core temperature. Simpson 
(1961) recorded temperatures as low as 15 ~ in 
the center of broodless winter colonies with usual 
minima around 20 ~ Worswick (1987) found 
strong fluctuations in the core with minimum tem- 
peratures always above 13 ~ These results com- 
plement our mean value of 18 ~ As may be de- 
duced from Fig. 2 a a temperature of  15 ~ is main- 
tained for as long as possible provided there is 
a sufficient peripheral temperature. If the ambient 
temperature falls further it rises by some degrees. 
On the other hand, Fig. 2c clearly demonstrates 
that the temperature drop in the core ceases when 
the threshold of 15 ~ is reached. 

A mantle temperature Tp of  + 5 ~ may be re- 
cognized as a second set point for thermal regula- 
tion. Reducing the cluster surface and its heat con- 
ductivity, as well as increasing metabolic rates, are 
intended to guarantee the minimum temperature 
for activity at the surface (Himmer 1932; Free and 
Spencer-Booth 1959). Southwick and Mugaas 
(1971) stated that it is more important for a cluster 
to maintain a correct surface temperature rather 
than centre temperature. Worswick (1987) ob- 
served a value of 6 ~ and Simpson (1961) 4.5 ~ 
for the mantle temperature, in good agreement 
with the results presented here. 

Southwick and Mugaas (1971) determined tem- 
perature variations from 33.2 to 19.4 ~ in the core 
of  a winter cluster, and from 31.3 to 15.1 ~ for 
its shell, while the ambient temperature changed 
between 11.1 and - 2 . 2  ~ Furthermore, their re- 
sults show that the cluster core temperature de- 
pends upon outside air temperature. As air temper- 
ature fell, the cluster core temperature generally 
increased, reaching maximum mean values of  
28-30 ~ at the lowest ambient temperature ( - ~  5 
to - 17 ~ These data are in good agreement with 
our findings. 

Thus, thermoregulation of  an overwintering 
cluster is not intended to maintain a temperature 
optimum necessary for successful brood develop- 
ment. It is orientated towards a suitable tempera- 
ture for survival of  those bees which cover the clus- 
ter. Both methods of  thermoregulation, by chang- 
ing the surface properties of  the cluster and its 
metabolism with respect to the two set points, en- 
sure energy consumption is minimal while still ena- 
bling the successful overwintering of  the bee clus- 
ter. 

Microcalorimetric measurements 

Most  metabolic and energetic investigations were 
performed on worker bees, sometimes on drones. 
Virgin and laying queens are incorporated for the 
first time in metabolic experiments. The calorimet- 
ric results show significant differences between the 
heat production rates of  isolated members of  the 
three castes (Fig. 3, Table 1). Foragers exhibit the 
highest energy dissipation, followed by young 
workers, in agreement with indirect calorimetry on 
new-born bees and 30-days old workers (Allen 
1959). The lowest level is occupied by drones with 
a 30-40% lower energy dissipation than workers 
of  corresponding age. Cahill and Lustick (1976) 
found that drones had an energy dissipation of  
only 19.2% compared to workers when both were 
kept in groups (Table 2). Laying and virgin queens 
exhibit a heat production in between those of  the 
two other castes. The only other available direct 
calorimetric data on honeybees are those of  Roth 
(1964, 1965, discussed by Chauvin 1968) who 
found a value of  160 mW- g-  1 for an isolated adult 
worker at 25 ~ which is in good agreement with 
our results. 

Other data have been published on indirect ca- 
lorimetry obtained by measuring oxygen or sugar 
consumption, carbon dioxide production, or 
thorax temperature. These data were transformed 
to weight-specific heat production rates assuming 
a R Q = I . 0 0  and a factor of 21.13 J .ml  oxygen -1 
(Ritter 1982) and, if not otherwise stated, a mean 
bee weight of 100 mg. The data are compiled in 
Table 3 for isolated animals, groups of bees and 
intact colonies. There is a considerable difference 
between the various measurements, ranging from 
5.9 m W . g  -1 for a new born worker (Allen 1959) 
to over 100 m W ' g - 1  for other workers on differ- 
ent occasions. The extremely high value of  
372 m W . g  - t  (Hermann et al. 1982) could be com- 
pared with those of  free-flying bees (Hocking 1953; 
Heinrich 1980). Very high values were also ob- 
tained by Scholze et al. (1964) who examined the 
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Table 3. Heat production of isolated bees, groups of several 
bees, and of intact colonies calculated from indirect calorimetry 

Condition Temper- Heat References 
ature prod. 
(~ (mW-g-  1) 

a) Isolated animals 

0 days old 32 5.9 
30 days old 32 21.0 
worker, day 20 143.2 

night 20 11.7 
mean 20 75.1 

worker, day 25 157.3 
night 25 10.0 
mean 25 75.5 

worker, active 25 99.9 
at rest 25 5.6 

healthy 21 41.6 
Nosema- 21 32.2 

infected 22 372.0 

15 57.6 
flight 351.0 
rest 18.3 
flee flight 467.0 
flight 685.0 
walking 154.0 
weighted 909.0 
non-weighted 830.0 

b) Groups of bees 

10 bees 25 36.5 

100 bees 20 105.0 

10 workers 25 117.0 
7 drones 25 22.5 

c) Intact colonies 

25 55.0 
10 3.5 

day 20 126.5 
night 20 42.5 

28 8.8 
35 22.9 

day 25 75.0 
night 25 32.3 
with brood 24 16.3 
broodless 24 11.0 
day 20 25.7 
night 20 10.1 
(A. m. 20 7.1 

capensis) 
(A. m. 20 9.9 

adansonii) 

Allen 1959 

Heusner and 
Roth 1963 

Heusner and 
Stussi 1964 

Stussi 1972 

Moffett and 
Lawson 1975 

Herman et al. 
1982 

Harrison 1987 
Hocking 1953 

Heinrich 1980 
Scholze et al. 

1964 
Heran and 

Crailsheim 
1988 

Free and 
Spencer-Booth 
1958 

Heusner and 
Roth 1963 

Cahill and 
Lustick 1976 

Simpson 1961 
Free and 

Simpson 1963 
Kronenberg 1979 

Heinrich 1981 

Kronenberg and 
Heller 1982 

Ritter 1982 

Southwick 1982 

Worswick 1987 

energy input of  walking and flying honeybees. 
Heran and Crailsheim (1988) also analysed the cor- 
relation between body weight and sugar consump- 
tion of free flying bees (Table 3). 

The high rate of  energy dissipation of  an indi- 
vidual bee becomes much smaller when bees are 
investigated in groups (Fig. 6). The greatest reduc- 
tion is seen when the number of bees is increased 
from I to 3, followed by a less dramatic reduction 
for groups of  up to 6 individuals. If  there are more 
than 10 bees the weight-specific heat production 
remains approximately constant at a value of  
12 roW. g-1. Subtracting this basal level for larger 
groups from the measured rates of  heat produc- 
tion, the resulting slope may be interpolated by 
an exponential curve with an exponent of  -0 .435.  
It shows that extra dissipation is reduced to l /e 
for "3 .3"  bees. From Roth's  Fig. 2 (1964), corre- 
sponding figures of -0 .576  and "2 .7"  bees may 
be deduced for 10 ~ His suggestion of  a constant 
heat production independent of the group size 
leads to a hyperbolic interpolation, an interpreta- 
tion which is incorrect both for his and our data, 
and contradicts the necessity for a minimum me- 
tabolism for each bee. 

Group effects of  socially living insects are re- 
ported in the literature. For honeybees Free and 
Spencer-Booth (1958) observed a twofold depen- 
dency of  sugar syrup consumption on temperature 
and on group size. At 25 ~ a temperature similar 
to that in our experiments, there was a decrease 
of  25% from groups of  i0 bees to groups of  over 
200. Roth (1964) found a reduction of  26% for 
an increase of  from 1 to 2 bees and a reduction 
of 52% for the mean heat production when group 
size was increased from 1 to more than 6 bees at 
10 ~ This difference became smaller with increas- 
ing ambient temperatures. Our results show much 
higher reductions in heat production which level 
off for groups larger than 10. Since these figures 
are weight-specific they must be multiplied by the 
weight of the animals to give the total heat dissipa- 
tion of  a group. However, assuming the same age 
and physiologic state of  the bees, a weight-specific 
reduction of 17-fold for an increase from I to 
6 bees transforms to only a 3-fold reduction for 
the whole group. This clearly indicates that the 
group in total uses less energy and acts more econ- 
omically than an isolated individual. 
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