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Summary. Using manometric and gas analytical
methods oxygen consumption VOZ, carbon dioxide
production FVeo,, respiratory quotient RQ,
(Fig. t A—C) and thorax surface temperature dif-
ference AT, (Fig.3) were determined in single
bees. The animals were either sitting in respiratory
chambers or were suspended by the scutum, in
which case they were resting, ‘walking’ (turning
a small polystyrene ball) or flying in a closed min-
iature wind tunnel.

During resting (sitting in Warburg vessels) at
an ambient temperature 7,=10°C, RQ was
1.0140.2 (n=905) with variations due to method
(Fig. 1D, E). RQ values during walking were deter-
mined in single cases. In no case were they signifi-
cantly different from 1.00. After the first 10 min
of flight mean RQ was 1.004-0.04. It was signifi-
cantly smaller than 1.00 (RQ=0.97) only during
the last 5% of long-time flights (mean flight dura-
tion 58.8 +28.8 min). With the exception of near-
exhaustion conditions no signs of fuels other than
carbohydrates were found.

Metabolic rate P, was 19.714+21.38 mW g~ !
during ‘resting’ at 20 °C<T,<30 °C indicating
that many resting bees actively thermoregulate at
higher T,. After excluding bees which were actively
thermoregulating, by an approximation P, was
5654244 mW g ! at 20°C<7,<30°C. ‘True
resting metabolic rate’ for sitting bees at 7,=10 °C
was 1.31+0.53 mW g~ ! (Fig. 2A, B).

A significant negative correlation was found
between relative (specific) oxygen consumption
Vo e and body mass M, at 85 mg < M, <150 mg.

At 0°C<T;<16.5°C a significant (x=0.01)
positive correlation was found between Voz and AT,
in single resting bees: Vo =0.229 AT +0.099,
or between P, and AT,: P,=1.3434T,+0.581
(Fig. 3D) (Vo, inml h™?, P, in mW, T'in °C).

During walking (duration 13.15+45.71 min,
n=13) at 12.5°C<T,<21°C a stable AT, of
11.41+3.37 °C, corresponding to 167 mW g™ %,
was reached for 80 to 90% of the walking time
(Fig. 4B).

During wind tunnel flights of tethered animals
the minimal metabolic power measured in exhaus-
tion experiments was 240 mW g~ !. Calculation of
factors of increase in P, is of limited value in poiki-
lotherms, in which true resting conditions are not
exactly defined.

Introduction

Determination of resting metabolic rate (metabolic
power) is important for comparison with working
metabolic rate and for calculating the factor of
increase, although ‘resting’ is not easily defined
in animal physiology. This may be the main reason
why resting metabolic rates reported in the litera-
ture vary so greatly (Table 1). Measuring is often
complicated and prone to error so that a more
easily measured parameter, proportional to the
resting metabolic rate, would be of considerable
interest. In a working bee walking should be less
expensive than flying, but very little data are avail-
able on the energetic demands of the former loco-
motory activity. Thus, it is important to redeter-
mine resting metabolic rates and to remeasure
walking metabolic rates on a broader scale and
under defined conditions, in order to determine
an easiliy measured substitute for oxygen con-
sumption and to compare resting to locomotory
metabolic rates.
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Methods

Animals were reared at the institute in a flight room (Rothe
and Nachtigall 1980, 1982). Metabolic rates and thorax temper-
atures were determined in the following way. Resting: Warburg
methods and thermistors glued to the scutum with wax were
used (Feller and Nachtigall 1989). Walking: A vessel was used,
the air content of which was pumped via a secondary circuit
through an oxygen- and carbon dioxide analysing circuit. Fly-
ing: A specially built, gas-tight, closed, miniature wind tunnel,
using the same gas analysis circuit, was used. Further methods
were exhaustion flights and thorax cooling analysis (Nachtigall
et al. 1989). Details of measuring procedures and calibrations
will be published elsewhere.
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Respiratory quotient RQ = Vcoz/ Voz- Taking into
account an adaptive phase of several minutes, the
respiratory quotient was determined for successive ] C bee 26, My-134.7mg
4-min intervals from plots of carbon dioxide gain - ' ‘ . X
and oxygen loss in manometer vessels at 7,= 0 1© 20 30 40 50 60
10 °C. Three examples showing typical gradients ——>time # {min)
are plotted in Fig. 1 A—C. Fig. 1D shows the RQ
distribution plot for 905 measurements. Since the
difference between mean value, x, and density
mean, d, is smaller than the accompanying double
error 21/3s/2N (Sachs 1974), distribution is taken
as symmetrical. Mean value and standard devia-
tion are 1.014+0.2. Thus, a respiratory quotient
of 1 can be accepted, indicating pure carbonhy-
drate combustion under test conditions (correlated
caloric equivalent of oxygen 21.117 kJ 1710,). For
RO =1 see discussion.

154 N=905
x=1,012£0,20
d=1,083

10 - (i-d)<2m

relative frequency (%)

P

1 15 2
respiratory quotient RQ (classified)

i
> RS ) o W\’L\ Al
S i i \"/\\

Fig. 1 A-E. Respiratory gas exchange and respiratory quotients SR i = S Mmﬁ
in resting, walking and flying bees. A—-C Examples of time func- I
tions of carbon dioxide gain and oxygen loss in 1 h Warburg - \ A
experiments at 7,=10 °C. D Distribution of the respiratory / \ \ / \
quotients measured by Warburg methods in ‘resting’ bees. For / \\’ .
parameters d and (x-d) see text. E Example of discontinuous W *\-‘Mwhw“'-----__\'i":h'\w——---—-— o
CO, exchange. Oscillating CO, release in a bee resting in a '
respiration vessel. FR flow rate, 7, ambient temperature. A _____ _— 7" =5 min
10 pl calibration area for CO, is indicated. Open-circuit gas- 10l

analytic measurement E

FR = 50ml min™!
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Relative metabolic power P, ,; of resting animals
as a function of ambient temperature T,. Measure-
ments were made on 356 apparently resting bees.
The relative metabolic power was calculated from
O, measurements at 6 ambient temperatures, with-
out taking into account thorax temperatures, and
plotted as histograms (Fig. 2A). Besides extremely
low and high ambient temperatures (7,=10 °C
and T,=35 °C) histograms all are ‘broad’, show-
ing a wide scatter of data. For example, at 7,=
30 °C, 31% of all values were in class nos. 1 and
2 (up to 4-fold the minimum observed value),
17.4% in class no. 5 (up to 32-fold). Standard de-
viations are so high (Fig. 2B, dashed lines) that
there is no statistical difference in the P, . values
at all temperatures, except between 7,=10 °C and
T,=35°C. Both aspects indicate that seemingly
resting animals were in fact often not under true
resting conditions; internal thermoregulatory ac-
tivity e.g. shivering thermogenesis seemed to occur
frequently. Thus, it is not possible to determine
whether a bee is truly resting or not without addi-
tional information.

Relative metabolic power P, ., of truly resting ani-
mals as a function of ambient temperature T,. From
synchronous measurements of oxygen consump-
tion and thorax temperature (see below) it seems
safe to restrict ‘true resting conditions’ to metabol-
ic rates which are up to five times as high as the
minimum value observed, and which barely en-
hance the thorax temperature. This was the case
in 241 out of 356 experiments. There is a significant
linear correlation between P . and T, (Fig. 2B,
filled circles). For the equation and significance
matrix see insets in Fig. 2B.

Relative oxygen consumption VOz rel A8 a function
of body wmass M, In the mass range
85 mg< M, <150 mg a significant negative linear
correlation VO —2.94 M, +589.46 (Vo in pl
STPg ' h~!, M, inmg; R=—0.53, 2=0.001) was
found, conﬁrmmg the trend to higher specific met-
abolic power in smaller animals. The exponents
of the power function of this small mass range
were not calculated.

-
—

Fig. 2A, B. Relative metabolic power (P,,,) at different ambient
temperatures (7,). A Classified P, of bees secemingly resting
at different 7,. Inset: classification principle. B Plots of the
P,; values corresponding to the mean values of the histograms
in A (open circles) and of the P, values corresponding to the
mean values of <5k (solid circles; see inset in Fig. 2A and
the text). Standard deviations and numbers of measurements,
N, are indicated. The equation and the significance matrix be-
long to the plot characterized by solid circles
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Oxygen consumption VO and surface thorax tem-
perature difference AT =T,,—T, In seemingly
resting animals, Voz, T, and T, were registered
simultaneously and usually for more than 2 h. It
could be demonstrated that metabolic power in
these animals is positively correlated to thorax
temperature. Three examples are plotted in
Fig. 3A-C. Bees with thorax temperatures near
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Fig. 3A-D. Oxygen consumpiion (Vo) at different ambient
temperatures (T,), and thorax surface temperature differences
(4T). A Synchronous registration of Vo (steps) and T
(points) of a truly resting bee. B, C same registrations in seemin-
¢ly resting, but partially actively thermoregulating bees. D Cor-
relation of oxygen consumption and related metabolic power
necessary to sustain certain AT, values in a single bee. To
convert P, (mW) to P, . (mW g~ ) multiply by 10 (100 mg
bees)

ambient temperature show the lowest oxygen con-
sumption i.e. metabolic power (Fig. 3 A) compared
to animals with higher thorax temperatures
(Fig. 3B, ).
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Oxygen consumption V02 and metabolic power P,
as a function of sustained thorax surface tempera-
ture difference AT,,=T,,—T, Heat loss in bees
with occasionally enhanced thorax temperatures
(0°C=<4T,<16.5 °C was calculated using New-
ton’s law of cooling (details in Nachtigall et al.
1989). Only regressions with R=0.9540 (x=0.01)
were used to illustrate passive cooling. Using
values of 3.3J g7t °C~ ! and 21.117kJ 17! O, for
specific heat and caloric equivalent of oxygen, re-
spectively, I'/o2 and P, were calculated in order
to interpret the AT, values measured. A highly
significant linear correlation Vo =0.2294T+
0.099 or, since 1ml O,h != 25866 mW  at
RQ= 1.00, P,=1.343 ATtS+O 581 was found (Vo

inml h~1, Tin °C, P,, in mW) (Fig. 3D). The heat
prior to coohng was produced by shivering thermo-
genesis of the flight muscles; the degree of effi-
ciency of insect flight muscles during flight is not
higher than 0.2 (Weis-Fogh 1972). Assuming that
the same efficiency holds for shivering movements
and that, compared to shivering, other branches
of metabolic power are negligible, the total meta-
bolic power used is 1/(1 —0.2)=1.25 times higher.

Metabolic parameters during walking

Definition of walking. Instead of moving forwards
a small, lightweight, half black and half white col-
oured polystyrene ball was turned by the moving
legs of the suspended bee. The output of a photo-
element, monitoring the light-dark-alternations of
the ball, was used as a qualitative indicator of
walking activity (Figs. 4, 5).

Thorax surface temperature difference AT, =
T,.— T, during walking (Fig. 44, B, Fig. 54). As
soon as walking activity began, AT, rose more
or less linearly (Fig. 4 A, B) from very small values
during resting and reached more or less constant
values during prolonged regular ‘walking’
(Fig. 4B). Mean temperature difference was near
12 °C (Fig. 4B).

During a cycle of activity 4T, increased char-
acteristically before intensive walking activity took
place. In 45% of the experiments (31 walks of
duration ¢, longer than 4 min; 7, mean=10.81+
5.33 min; £y, ma=27.0 min) temperature stability
was attained at the thorax surface (13 walks;
fwmean=13.15+5.71min; AT, ycan = 11.41+3.37°C).
If stability was not attained, cooling and heating
phases followed each other. In some cases 4T
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Fig. 4A, B. Thermic parameters during ‘walking’ (a bee fixed
at the scutum turns a polystyrene ball). A Two examples of
the course of thorax surface temperature T, and ambient tem-
perature T, showing shorter and longer walking activity (WA);
T,=20 °C. B Registration examples for the course of T, relative
to the normalized course of T, (18 °C< 7,<23.5 °C; absolute
Ty values unquotable)

slowly decreased during the last minutes of activi-
ty. Once walking had ceased, exponential passive
cooling to values near 7, took place (Fig. 4A, B).
In the temperature range 17 °C<7T,<23 °C, T,
was negatively correlated to T, (7,,=88-¢ 210374,
T °C; R=0.506%0; x=0.053).

Activity and ambient temperature T,. All of the
bees from n=>54 walked for more than 4 min
over the temperature range 19°C<7T,<21°C,
57% from n=14 over the temperature range
125°C <T,<15 °C (all animals not walking
at these low temperatures walked at 7, =21 °C) but
none from n=15 walked at 7,=7 °C.

Respzratory parameters { Fzg 5 A B). Before walk-
ing a pronounced increase in oxygen consumption
(VO) was apparent. This was followed after ap-
prox1mately 1.5 min by a corresponding increase
in thorax temperature (7T,), and after another
1.5 min by carbon dioxide release (Vo ) (Fig. 5A).
With these characteristic delays all curves followed
walking activity (Fig. 5B). Rates of gas exchange
(V0 and VCO) were significantly (R=0,9+0 at

=0. 001) correlated both to AT, (Fig. 5A, a, ¢)
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Fig. 5A, B, Respiratory parameters during ‘walking’ (compare
Fig. 4). A Example of a continuous phase of walking activity,
corrected for instrumental delays. See time shifts in the curves
VO - T, -»VCO Inserts: correlation plots. For discussion and
for the numbers indicated see text. B VCO plot of an example
of a ‘biphasic” walking activity. The course of the Vo and
T curves are similar to the Vco curve; time shifts SImllar
to A. 4T,=T,—T, thorax surface temperature difference, R
correlation coefficient, W4 walking activity, RQ respiratory
quotient Vo ./ Voz, Vo oxygen consumption, VCO carbondi-
oxide productxon

and to each other (b). From VCO tota1 and Vo2 total
during the activity phases (see examples in Figs.
5A, B), a respiratory quotient of 0.98 was calcu-
lated which is not significantly different from 1.0.
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Fig. 6. A Example of VCO gain and Vo loss in the awr votume
of the closed miniature wind tunnel (Nacht]gai] et al. 1989)
duc to gas exchange of a single, flying bee (left), correlation
of VCO to Vo and RQ (right). B Mean values of RQ and
reduction of standard deviations during the first 15 min of wind
tunnel flights. C Mean values of RQ as a function of standardi-
zed flight duration. Only at 95% and 100% flight duration
(RQ=0.97) is RQ significantly lower than 1. (B and C from
TJungmann 1984). D Example of thorax surface temperature
differences AT, and correlated maximum metabolic power and
relative metabolic power for three different locomotory activi-
ties of the same 100 mg bee (same measuring situation, no
change in between)
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Metabolic parameters during flying

A typical example for gas exchange measurements
during wind tunnel flight is plotted in Fig. 6A.
Mean RQ was 1.01 +0.05. Mean values of RQ dur-
ing the first 15 min of flight are plotted in Fig. 6B,
the changes of RQ during long-time flights are giv-
en in Fig. 6 C, showing values significantly smaller
than 1 only during the last 5% of those flights.

The other results of metabolic aspects of flight
are discussed in Feller and Nachtigall (1989), Jung-
mann etal. (1989) and Nachtigall et al. {1989).
Relatively small thorax temperature differences of
3 degrees on average were measured; relative
power taken from exhaustion flights of tethered
wind tunnel bees was near 0.3 W g~ ! (Nachtigall
et al. 1989).

Discussion
Respiratory quotients

Absolute values during resting, walking and flying.
Manometric measurements of ‘resting’ bees at
lower temperatures showed a RQ of 1.012+0.200,
and for walking at Thigher temperatures
(12.5°C<T,<35°C), as well as flying at
15°C < T,<35°C, RQ was not significantly differ-
ent from 1.0. Except for the first few minutes of
flight (Fig. 6 B) scatter was small. In no case, ex-
cept at the very end of long-time flights (Fig. 6C),
was it found that after reaching steady-state condi-
tions the bees used fuels other than carbohydrates
for energy metabolism. Like many flies (Phormia
regina) bees prefer to use the carbohydrates in gly-
cogen stores (Beutler 1937; John 1958). This coin-
cides with their high rates of glycolysis (Bailey
1975) and a high activity of glyceraldehydephos-
phate dehydrogenase (Beenackers 1969), whereas
the activities of 3-hydroxyacyl-CoA dehydroge-
nase and other enzymes characteristic of fat meta-
bolising insects such as locusts (Weis-Fogh 1952)
are low. It is not known whether bees normally
use fat or fat and carbohydrates as do many Lepi-
doptera (Zebe 1954). On the other hand, hemo-
lymph amino-acid concentration is so low that ox-
ydation of amino acids (as in bloodsucking flies
e.g. Glossina) could only account for 0.1% of the
flight metabolic power (Barker and Lehner 1972).

Preliminary experiments have shown that, con-
trary to normally fed bees, hungry specimens did
not show measurable quantities of hemolymph car-
bohydrates (Parhon (1909) and Jongbloed and
Wiersma (1934), for example, often found RQ not
equal to 1). This means that our experimental ani-
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Table 1. Relative metabolic power (P, ;) of seemingly resting bees compiled from the literature

Author Method Relative metabolic power P, .o (mW g™ 1)

20 °C-30 °C 10 °C
Parhon (1909) Volumetric, swarm 88.04 123.52
Steidle-Zander (1921) Juvenile bees, swarm 9.20 -
Tauchert (1930) Individuals, n=>5 316.67-428.36 -
Farrar (1931) ? 21.02 -
Kosmin et al. (1932) Manometric, Barcroft-Verzar, individuals (fliers) 27.59-114.32 1.31
Woodworth (1932) ? 2.63 -
Jongbloed and Wiersma (1934) Volumetric, individuals 11.83 -
Rosow (1946) ? 5.26 -
Hocking (1953) Manometric, individuals 18.40 -
Cahill and Lustick (1976) Paramagnetic, groups of 5-10 animals 116.95 252.28
Withers (1981) Electrochemical, individuals (fliers) 6.57-239,15

This paper

Manometric, Warburg, individuals (fliers)

(1,31£0,53)*
(1.3140.53)°

(19.71 4£21.38)
(5.65+ 2.44)

Values are usually means but sometimes ranges are given. To convert values into ml O, g~! h™! multiply by 1/5.866=0.171;

to convert into mMol O, g~ ' h™* multiply by 1/22.4=0.045.

® All bees measured; ® reduced to truely resting bees (compare Fig. 2B)

mals were well fed and in good physiological con-
dition.

Change during flying. Towards the end of all long-
time wind tunnel flights RQ decreased slightly
(Fig. 6C). A similar decrease was observed in
thorax temperature difference (Rothe 1983 ; Hein-
rich 1975) and wingbeat frequency (Sotavalta
1954). This may indicate power reduction due to
exhaustion of carbohydrate fuel stores and switch-
ing to a ‘reserve metabolism’ (fat?, proteins?) a
few minutes before flights cease. Corresponding
to this, bees do not move their wings or legs after
a long wind tunnel flight in the interval between
the cessation of wingbeat and the decreasing of
flight parameters to a constant level. Body masses
in this phase were at their lowest level. For round-
about flights Sotavalta (1954) writes: “The state
of ‘apparent exhaustion’ cannot be prolonged but
leads quickly to the state of complete exhaustion.”
Therefore, the moment when a bee runs out of
fuel in wind tunnel exhaustion flights (Feller 1985;
Nachtigall et al. 1989) can be determined with
some precision.

Values RQ # 1.0. The scatter of manometric values
between the extremes of 0.35 and 1.95 is certainly
correlated to gas exchange mechanisms rather than
to metabolic effects. Since resting bees may regu-
late carbon dioxide loss by periodically opening
their stigmas (Miller 1966), discontinous exchange
may take place (Kestler 1978; see Lighton 1988
for a general discussion) (Fig. 1E). It is apparently

more pronounced at lower temperatures and
smaller CO, output. These conditions are typical
for our manometric measurements. Due to the
Warburg technology of our experiments, O, and
CO, rates are determined one after the other, and
result in a coincidental, symmetrical GauB-like dis-
tribution of smaller and higher RQ values around
the mean value of 1.0 (Fig. 1 D). This may explain
the deviating values found in small spot checks
by other workers using this method e.g. Parhon
(1909) and Jongbloed and Wiersma (1934). During
walking and flying Vco, and ¥V, were measured
at the same time so that no significant deviations
from RO =1 occurred.

Resting metabolic power P,

Comparison of literature data and the problem of
defining true resting conditions. In Table 1 relative
metabolic power measurements of seemingly rest-
ing bees are compiled from the literature and com-
pared to the data presented here. They differ wide-
ly, ranging from 2.63 to 428.36 mW g~ ! (factor
163) at 20°C<T,<30°C, and from 1.31 to
252.28 mW g~ ! (factor 192) at 7, =10 °C. Assum-
ing accurate measuring methods, it would seem
that in many cases bees were not really resting
but actively thermoregulating.

Tauchert (1930) found exceedingly high values which are diffi-
cult to understand and have been omitted. Not enough informa-
tion is available in Farrar (1931), Woodworth (1932) and Ro-
sow (1946) to judge their methods. The differing results from
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the following authors may be explained as follows: Parhon
(1909), Steidle-Zander (1921) and Cahill and Lustick (1976)
analyzed swarms and groups. Parhon, Cahill and Lustick ob-
tained values 3—4 times higher than the (smallest) values for
individual bees found by other authors. This indicates a warm-
ing effect in swarms and groups so that body temperature,
and therefore metabolic power, is higher than ambient tempera-
ture and dependent on the number of individuals (Free and
Spencer-Booth 1958; Southwick 1982). Whilst in a single bee
thorax temperature approaches ambient temperature, 47, gen-
erally being smaller than 2 °C, a bee in a small group tends
to have an enhanced temperature (e.g. in a 50-bee group T, =
22 °C at T, =15 °C), and a bee in a large swarm tends to sustain
3540.5 °C (Heinrich 1981). Cahill and Lustick’s small groups
showed T,,=30°C at T,=10°C, not indicating true resting
metabolism but additional energy consumption for thermoregu-
lation. The fact that this was not the case in Steidle-Zander’s
swarm bees may be due to their using juvenile bees not yet
adapted to social thermoregulation.

Similarly the higher values of Kosmin et al. (1932) and
Withers (1981) are certainly from bees that were partially active-
ly thermoregulating, although sitting apparently motionless at
the bottom of the measuring vessel. It has been shown in this
paper that locomotor and thermoregulatory activity had
stopped (no leg movement; 47,,=0} at ambieni temperatures
of 10 °C. Our values coincide with those of Kosmin et al.
(1932), who were the only other authors to analyze individuals
at 10 °C, whereas Parhon’s (1909) measurements — if they are
correct — show a metabolic power increase of approximately
100-fold due to swarm effects, indicating extremely strong ther-
moregulatory heat production i.e. comparatively higher at a
lower ambient temperature. Recently, Planke and Lensing
(1989), who determined daily periodicity of CO, output from
small groups or single bees living in respiration chambers,
found nightly minimum values of approximately 2+0.5 mg
CO, bee ' h™! between 21 h and 4 h. These values were 15
times smaller than the maximum values recorded during day
time. Assuming 100 mg bees, a RQ of 1.0, and standard condi-
tions, corresponding values (for 2mg CO, bee 'h™!) are
20mg CO, g 'h™!, 10.2ml CO, (O,) g™ h™ !, 60 mW g~ 1.
This seems extraordinarily high, but unfortunately the tempera-
ture, which must have been very high, was not given in this

paper.

At higher temperatures (20 °C<T,<30°C) our
calculations of ‘true’ relative metabolic power of
5.65+2.44 mW g~ ! coincide with the smallest
values mentioned in the literature. This is under-
standable if one compares our procedures of reduc-
tion (see legend to Fig. 2) to the mean value calcu-
lation of other authors: establishing true resting
conditions is a matter of definition.

Variability at different ambient temperatures T,. As
Fig. 2A shows, variation is less at very low
(10-15°C) and very high (35 °C) temperatures,
than at medium temperatures. This is understand-
able since individual differences in behaviour dis-
appear with hypothermia at very low tempera-
tures, and more homogenous metabolic rates occur
at very high temperatures. Flying bees, as well as
juvenile and worker bees, behave more ‘calmly’
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and reduce food intake and energy production at
35 °C compared, for example to 25 °C (Schreiner
1952). However, with the exception of a slight vari-
ability at 7,=10 °C, which is assumed to be due
to individual physiological differences rather than
individual behavioural differences, variability may
be due to the fact that at any 7, both truely resting
as well as more or less actively thermoregulating
animals were observed. It seems safe to assume
that truely resting animals are always found in the
lower P, classes (Fig. 2A), and to define resting
metabolic rates of truely resting bees at a certain
T, so that these values show the same percentage
deviation as the smallest value. This is the case
at 10 °C. Thus, any increase at higher T, should
only be due to the temperature dependency of met-
abolic events (Q, , effects), without additional ther-
mogenesis. It is a matter of definition whether one
accepts this rather than relating working metabolic
rates to resting metabolic rates at certain tempera-
tures (e.g. ‘room-temperature’), or whether one
takes the values for ‘truely motionless bees at T, =
10 °C” as a basis for comparison (see below).

Correlation to ambient temperature T,. A positive
correlation between resting metabolic power Py, .«
and ambient temperature 7, was obtained
(Fig. 2B, closed circles). Compared to T,=10 °C,
the Py, .o values were 3.7 times higher at 20 °C,
and 12.2 times higher at 35° C. Similar values were
obtained by Kosmin et al. (1932) from inactive ani-
mals (sitting completely motionless); compared to
T,=11 °C the rates were 2.5 times higher at 18 °C,
and 12.5 times higher at 35 °C. A positive correla-
tion was also found by Steidle-Zander (1921) be-
tween 22.5 and 35 °C. Steidle-Zander’s regression
curve was somewhat steeper than ours, but showed
identical values near 7,=25°C.

Contrary to these measurements on individual
bees, negative correlations were found by Parhon
(1909) in swarm bees, by Kosmin et al. (1932) in
more or less active bees (‘moving across the bot-
tom of the vessel, cleaning themselves, wings
folded and motionless’), and by Cahill and Lustick
(1976) in bee groups. These findings are easily ex-
plained by the (mostly social) thermoregulatory re-
action described previously. They coincide with
Parhon’s (1909) results that P, of swarm bees is
1.5 times higher at 10 °C than at 20-30° C.

Correlation to thorax surface temperature difference
AT,,=T,— T, The regression plot of Fig. 3D was
shown to give reliable P, values if one uses T
values for resting bees or bees moving slowly, not
showing pronounced cooling effects due to forced
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circulation. Comparing the P, values read from
the graph to those calculated for direct measure-
ments of oxygen consumption, the following data
were obtained. A value of Vo =1.6 ml h™* (corre-
sponding to 9.68 mW) and of AT s =4.5 °C were
measured simultaneously by Warburg methods.

For 4T,=4.5°C the regression plot indicates
1.13ml O, h™!, corresponding to 6.63 mW. The
heat production prior to cooling is due to shivering
thermogenesis of the flight muscles, and the degree
of efficiency () of flight muscles during flight is
<0.2. Assuming that the same efficiency is valid
for shivering movements, P,, should be 1.25 times
higher (see results), but it is possible that # is
smaller during shivering than during flight, so that
P, calculated from the equation P,,=1.343 AT+

0.581 is close to reality. Accepting #=0.2 for a
model calculation, metabolic power increases from
6.63 to 8.29 mW for a single bee. The remaining
difference of 1.39 mW coincides with the resting
value found at the corresponding 7,. The same
holds for comparisons of direct gas analytical mea-
surements. In Cahill and Lustick’s (1976) bee
groups with a mean P, .., of 250 mW g~ 1, T\, was
30°C at T,=10°C (4T,=20°C). Calculation
from the regression plot gives 4.679 (ml O, h™ 1)
-5.688 (MW (ml O, h™1)"1):(1000/100)- g~ ' =
275mW g~! (for a caloric equivalent of
21.117Jml O; ' and for 100 mg bees). This is
equivalent to 343 mW g~ ! when #=0.2. The some-
what higher value may be due to the fact that the
regression plot is valid for single bees, whereas Ca-
hill and Lustick (1976) used small groups of ten
bees (of another race). Thus the relatively smaller
heat loss observed might have sustained AT, with
less heat production.

Metabolic power and rate of increase
in walking and flying

Walking. The shift in Vo , T and VCO which
increased after walking began (Fig. 5A), “reflects
the expected course of the metabolic processes.
Equilibrium between heat production and heat loss
in resting air occurred at about 12 °C. This value
was more or less constant over 80-90% of the
walking period, even at slightly different ambient
temperatures. At medium temperatures 7,, was
negatively correlated to 7,. The thorax tempera-
ture difference decreased only towards the end of
a walking period. This indicates that a bee is able
to regulate heat production and body temperature
during walking, which is not suprising if one takes
into account its enormous ability to regulate social
temperature (Lindauer 1954; Wohlgemuth 1957),
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and to discriminate temperature differences as
small as 0.25 °C (Heran and Wanke 1952).

Resting metabolic power values reported in this
paper were 19.7mW g~! (20°C<T,<30°C; at
rest, but with actively thermoregulating bees in-
cluded), 5.7mW g~ (20°C<T,<30°C; +truly
resting bees), and 1.3 mW g~! (T,=10 °C; truly
resting bees; Table 1). The metabolic power neces-
sary to sustain AT,,=12 °Cis 16.7 mW for a single
bee, or 167 mW g~ !, calculated for 100 mg bees.
Compared to the rates just mentioned, this means
an 8.4, 30 and 127-fold increase during walking.
Only the first factor corresponds to the values re-
ported for running cockroaches (factor 5; Hereid
et al. 1981) and running ants (Formica sp. workers;
factor 7; Jensen et al. 1980). We therefore assume
that the resting rates mentioned by these authors
were not determined under true resting conditions,
but under the conditions ‘seemingly resting, but
actively thermoregulating’.

Flying. Thorax temperature differences during
flights in the wind tunnel and in the round-about
were high immediately after starting, but decreased
afterwards to an average of approximately 3 °C
(extreme values 0.2 °C and 5.2 °C); AT, was not
correlated to T,. The same was found in bees flying
“freely’ at the end of a wire (Esch 1960), and again
under natural environmental conditions. The com-
paratively low AT, values are easily explained by
highly effective convective cooling due to the flow
produced by the beating wings. Another reason
for these relatively low values may be that sus-
pended bees usually do not attain full lift and
thrust (Esch 1976). Heinrich (1979) found much
higher AT, values (up to 15°C at 15°C<
T,<25°C) for freely flying bees. In our experi-
ments AT,, was constant after 2 min in round-
about flights of 0.7 m s™*. At 7,=30 °C, AT, was
usually constant over 80 to 90% of the flight time,
but often decreased towards the end of a flight,
corresponding to a reduction in wing beat fre-
quency (Brandes 1984). Thus, temperature is also
regulated during flight. In our round-about experi-
ments, mean AT, was 3.011+0.77 °C (n=236). The
P, value necessary to sustain this temperature dif-
ference is 46.2 mW g~ !; to sustain AT,=15°C
(Heinrich 1979) it is 207 mW g~ . Our lowest value
for flights analyzed by the exhaustion flight meth-
od (Feller and Nachtigall 1989) was 240 mW g~ !
at 7,=20 °C. This indicates that AT, values ob-
tained under forced convective conditions in sus-
pended animals cannot be used in the equation
indicated in Fig. 3D. Compared to 240 mW g~*
the factor of increase during

b

‘resting’ at
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20 °C<T,<30 °C was 12; after excluding thermo-
regulatory bees it was 43; during ‘true resting’ at
T,=10°C it was 185. Ludwig (1962) mentioned
factors of increase of as high as 100 in insects rotat-
ing on a bent needle in a Warburg chamber.

Bartholomew and Casey (1978) determined
flight metabolic power and resting metabolic
power (mW) as a function of body mass (g)
in hawk moths (Lepidoptera) hovering at
22° C <T,<24°C. They obtained Py, hovering flight =
344.7-M,°®% and P, ,..=2.3-M,%%2 Since the
exponents were similar, the 150-fold increase is in-
dependent of body mass. Hovering flight, however,
is the most energy consuming flight situation.
Ellington (1984) calculated  Pphovering flight =
832 mW g~ for honey bees. This value is 3.5 times
higher than our exhaustion flight measurements
for tethered flight in the laboratory. Using this fac-
tor, and applying it to the data of Bartholomew
and Casey (1978), 100 mg hawk moths (same body
mass as honey bees) showing a relative P, o of
2.7 mW g™, should have used P,,=151.7mW g~ !
during forward flight (factor of increase 56). Rela-
tive P, . 1S half as high as our values for bees
over the same temperature range (=20 °C), and
twice as high as our values at 10 °C. This again
shows that the reference values depend greatly on
the ambient conditions.

Conditions for measuring resting metabolic
rate in humans are exactly defined with regard to
time after food intake, body posture and favoured
temperature, whereas in poikilothermic inverte-
brates they are not. Therefore, contrary to hu-
mans, the value of calculating the factors of in-
crease and of comparing them to those of other
invertebrates or vertebrates is limited.
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