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Abstract

Anisoperibolic heat flow calorimeter is described for the determination of heat productian
rates during the tethered flight of small insects such as flics, honeybees or hornets, The inscets
are fixed with their theraces to onc arm of a low-friction carouscl. A sensor counts the number
of revolutions per time and determines the speed of flight. Wing sound is monitored by a mi-
crophone with an audio recorder, so that wing beat {requencies and hence locomotor activities
can be determined, Different ilfumination means are incorporated o guarantee the iHumina-
tion levels nccessary [or flight,
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Introduction

The energy metabolism of living organisms is of the utmostinterest for physi-
ologists. It even stood as godfather at the cradle of calorimetry [11. While the
standard or resting metabolism of an animal is easy to define and to determine,
states of activity vary considerably depending on the external parameters. For
many animals, the highest level of activity that limits the metabolic scope is ap-
proximately 10 times higher than the resting metabolism [2]. Exceptions are fly-
ing organisms and especially insects. Under the conditions of flight, the metabo-
lic rate is more than 20-fold for honeybees, for example [3—-6]. The highest en-
ergy turnover rates are observed during the hovering flights of humming birds
and some insects (e.g. moths), since no support is then given by the surrounding
medium, in contrast with the situation during running, swimming or forward
flight. Under such circumstances, the rates are increased up to 100-fold [2, 71.

The difficulties involved in determinations of the heat output during activity
states arisc from different sources. Such states often appear irregularly, in the
form of bursts, without a steady state for an exact evahiation. The animals have
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to be kept motivated [8] to perform special tasks with a high turnover. This may
be attained by long training, as for investigations on a treadmill, for instance, or
by continuously stimulating them by mechanical or clectrical irritation, but this
may lead to artificial conditions [3]. Rewards can be a means to overcome {hese
problems. In the special case of insect flight, it is often difficult to initiate flight
and keep it going [9], although many insecty are excellent flyers over long dis-
tances or long times [6].

The energy turnover during rest or activity can be determined by different
methods. These are often classified as “direct” and ‘indirect’ calorimetry mcth-
ods. Direct calorimetry applies isothermal/isoperibol heat flow calorimeters in
most cases, with a few exceptions of the use of quasi-adiabatic or true adiabatic
instruments, while the spectrum of indirect approaches is very broad. The most
common procedure 1s to determine oxygen consumption and carbon dioxide pro-
duction. These are monitored by the classical manometric Warburg method 3],
by paramagnetic or optical sensors and gas-specific clectrodes. Their ratio, the
respiratory quotient RQ, provides information about the substrate consumed dur-
ing the metabolism. A value of RO=1.00, RQ=0.83 or RO=0.71 indicates that
carbohydrates, proteins or fats, respectively, are utilized as fuel. The fat metabo-
lism, with a heat output of up to 39 kJ g’ affords the highest amount of energy
per gram and is thus observed particularly in long-distance flyers or hovering in-
sccts (e.g. moths [10]). Carbohydrates and proteins provide only 16 and
13 kJ g7 respectively, i.e. less than 40% of the level for fat. A carbohydrate me-
tabolism with an RO=1.(0) i¢ typical for honeybees; RO« between 0,71 and 1.00
are characteristic for hornets [unpublished data],

Other methods of indirect calorimetry include the uptake and consumption of
radioactively labeled compounds, very often '“C glucose [11], the determination
of metabolites in tissue and/or blood/hemolymph [10], or the measurement of
heart beat rates [12]. A typical approach with insects is ‘exhaustion flight’
[5, 11], which is rcadily applicable when the type of metabolism and the kind of
energy substrate are known. An insect is kept flying, e.g. tethered to a carousel,
until all of its cnergy resources (‘fuels’) are consumed. It is then fed with a
known amwunt of energy in the form of 4 glucose or mixed glucose/protein soiu-
tion and stimulated to {ly again until exhausted. This can be done so effectively
that, for example, honeybees will die within a few minutes if they are not fed
again immediately [13]. The amount of energy provided divided by the thght du-
ration yields the energy consumption rate and hence the flight metabolism.

An even more indirect physical method is the ‘grab-and-stab’ procedure often
applied to measure the energy metabolism of insect flight {(sec c.g. [14, 15]). An
insect is caught during flight, and within a few seconds a very thin thermocouple
(installed inside a hypodermic needle) is implanted into its thorax. the main site
of heat production. The temperature differences between the thorax and the am-
bient air are recorded, and the heat loss is calculated from cooling curves evalu-
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ated via the heating-up of dead specimens [14]. A more sophisticated approach
in which there is no direct contact works with infrared thermocameras to deter-
wine the heat distribution in the bodics of flying insccts [16, 17].

It was briefly mentioned above that insects need stimulation to fly. Light
plays an important role in this. There are species that nearly never fly in the dark
under natural conditions {¢.g. most honeybees), whereas others (e.g. hornets) fly
by both day and night, even at very low illumination levels [personal observa-
tions]. Yet others fly exclusively in the dark (e.g. moths). Morcover, tethered in-
sects have to receive optical information |9], such as a changing horizon or sur-
face below them, simulating flight motion. A further impulse to fly is given by
the tarsal reflex, when a piece of matter between the legs is suddenly removed.
To keep insccts flying requires a mechanical sensation of their efforts, so that a
draught is sometimes more important than the optical information flux [9]. An
‘intrinsic’ stimulus to fly is given by the personal motivation of the insect
[8, 9, 18]. Foraging bees caught at departure from their hive are better suited for
investigations than those returning from foraging or those with hive activities.

Metabolic flight experiments are performed in several different ways: (i) free,
(i) tethered or (iii) fixed flight. Free flight investigations use the ‘grab-and-stab’
method plus thermometry {14, 15, 19], or enclose the animals in large jars [14],
where they are trained ta fly for several minutes without touching the wall [8].
The decrease in oxygen concentration and/or the increase in carbon dioxide are
monitored as functions of time. Many experiments have been performed with in-
sects flying in a temperature-controlled room and tethered by 4 thermocouple
[19], fastened to a carousel and connected with a thermocouple to a recorder
[14], or placed in a large vessel for manometric determinations [7, 20]. Highly
sophisticated cxperiments have been porformed by Nachtigall and his group on
tethered animals in 2 windtunnel [21-25], these providing several physiolegical
parameters of the insect simultaneously. Tethering is always performed by glue-
ing a selected support o the thorax. Fixed [lights ate jun without any spatial
movement of the animal, while the other parameters remain as deseribed above.

When we started to construct the carousel flight calorimeter, we had in mind
ail the earlier forms of investigations mentioned above. Since the flight cnerget-
ics of some insects are strongly dependent upon temperature (honeybees never
fly below 10°C or above 43°C, for example), the working temperature of the new
instrument had to cover the physiological range between 10 and 45°C. This was
attained with an air bath thermostat surrounding the calorimeter proper. To prove
the influence of light and to determine the dependence of the flight speed on the
illumination level, different kinds of illumination had to be incorporated. Deter-
minations of {light speed by clectric/mechanical counting of the number of revo-
lutions of the carcusel per minute and determinations of the activity level of the
animal by acoustical monitoring of the wing beat frequencies are performed si-
multaneously.
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Set-up of the calorimeter

Calorimetric cabinet and thermostats

The whole calorimetric set-up is placed in a climatized cabinet, which works
in a temperature range down to ahout 15°C, so that experimental conditions
above 17°C can be obtained. For special investigations on insects flying during
cold days at winter temperatures, the location can be changed to a cold room at 6
to 8°C, the working range being extended in this way by more than 10°C,

The calorimeter proper is housed in an air bath thermostat operating at be-
tween 18 and 42°C in its usual mode. It originates from an LKB flow calorimeter
{type 10700, LKD, Bromma/Sweden). Its inner volume of 380x300x400 1n, or
46 L, determines the size of the calorimeter. The air bath is connected to a cool-
ing pre-thermostat (type D1, Haake, Berlin/Germany).

Carousel calorimeter

The calorimeler vonsists of an inner cylindrical aluminum container 180 mm
in diameter and 110 mm in height, with a 10 mm wall. It is connected along its
periphery via 8 vertical, and at its bottom via 2 herizontal Peltier heat flux sen-
§0rs to an outer square-based aluminum container measuring 235x235x167 mm
with walls 12 mm thick. The top of the cylinder is closed by a corresponding alu-
minum or perspex lid without Peltier elements. The heat sensors measuring
40x40x4 mm {type TEC1-12705) are connected in series and transmit their heat
signals to a chart recorder (typical setting 10 mV and 0.6 cm min™') or to a com-
puter for registration and further evaluation. The outer cube, with a mass of about
10 kg, serves as the heat sink during measurements; it is insulated from the air
bath by a 20 mm layer of styropor and a final 1 mm aluminum shicld.

A calibration resistance of 1003 €2 is placed along the central support of the
carousel and connected to an outside constant power supply. If necessary, before
and after each experiment, a short ballistic calibration may be performed to
check the sensitivity and time constant of the instrument. In most cases, the
rather long time constant is of no importance, since steady-state values during
flight are used for energetic calculations only.

Carousel

The heart of the calorimeter is a central two-armed low-friction carousel, Tts
radius of 62 mm leaves 28 mm available for the wings of the flying inscct, so that
it never touches a wall or any other obstacle. The distance flown per tumn is
390 mm. Two sharp ended needles, one below and enc above the arms, support
the carousel 1n two ball-shaped, adjustable-bottormed glass tubes, affording an
oplimum between minimum friction and maximum skide. The insect is fixed to
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one arm of the carousel by means of a small plastic tube (see below). The central
support of the arms activates an inductive proximity switch, which counts the
number of revolutions per minute mechanically and clecuically, and hence the
speed of flight. For continuous registration of the speed, the electronic signals
are converted to pulses of equal height and length but varying frequency, and sub-
sequently integrated, yielding a voltage proportional to the insect’s speed.

Hlumination

Since some insects {e.¢. most honeybee species) do not fly in the dark, the in-
side of the calorimeter is illuminated via the cight arms of a bundle of light
guides ending just 30 mun above the bottom of the calorimeter. This 1s approxi-
mately the height at which insects fly. The bundle of light guides is connected to
a cold light source (Cold light projector type 81482, Karl Storz/Tuttlingen, Ger-
many) through an iufrarcd absorbing filter to minimize the heat input inte the
calorimeter. At the maximum intensity of 150 W of the light source, a calorime-
ter signal shift of =0.17 mV is observed, corresponding to —2.7 mW, while the
hieat vutput of flying hornsts amounts to about 50 to 100 mW. If the maximum il-
lumination of around 120 1x is still too low to allow for the flight of insects, one
or two fluorescence ‘snap lights’ 5 mm in diameter and 38 mm in length (type
05595, snap light) are placed on the bottom of the calorimeter, providing an ad
ditional iHlumination of 30 1x. These commercial lights for nocturnal fishing pro-
ducc a negligible heat flow of P<0.1 mV. They have a lifctime of moere than 24 h,
with an initiaf drop in intensity and afterwards a long plateau phase.

Some experiments indicated that such illumination fevels are still oo low o
initiate and sustain flight activities. Therefore, two light guides 5 mm in diame-
ier, connected to a cold light source (Intralux 150 h, Volpi/Schlieren, Switzer
land), were placed vertically through the air bath, the calorimeter insulation and
the aluminum lid, up to a few millimeters above the perspex cover of the inside.
Under these conditions, the illumination was increased to 300 1x, combined with
an additional heat input of +5.2 mW.

Preparation of the insects for flight

The insect under investigation is fixed to the carouscl by means of a small
plastic screw {diameter 2.8 mm and length 100 mg for hornets; diameter 1.7 mm
and length 10 mm for honeybees) glued to the thorax. This screw is inserted into
a rubber tube attached (o the active arm of the carousel. The lengths of the screw
and tube are prepared in such a way that the wings of the insect never touch the
suspension above it or the walls, to avoid any irritation during flight.

Mass determination

Before and after flight, the insects are weighed o the nearest 0.1 mg by means
of a mechanical balance (type 414, Sauter/Ebingen, Germuny). This is an ap-

Lo Thermal Anal., 32, 1998



3% SCHMOLZ ¢t al.: DIRECT CALORIMETRY

proach to determine the fuel consumption during the experiment and to compare
1t with the calorimetric energy output. Any simultaneous water loss by evapora-
tion has to be taken intw account,

Registration, observation and evaluation

All electrical signals from the experiment are led to a PC with an appropriate
registration program. The calorimetric signal of several mV is amplified 1000-
fold by a DC amplifier (type C3050C, Knick/Berlin, Germany) to fit into the reg-
istration level of the computer. The flight speed and gas sensor signals can be
monitored directly without further amplification. Parallel to the PC, a two-chan-
nel recorder 1s used to register the heat production rate and the flight speed, to
give an instantaneous and complete overview of the experiment. Further, a
counter shows the total number of revolutions, and provides qualitative informa-
tion about the speed through the sequence of its acoustic ‘clicks’.

A condenser microphone (Sony ECM-144, Japan) is incorporated into the
calorimeter for the simultaneous perception and recording (Sony. Digital Audio
Tape-Corder TCD-DS8, Japan} of sound generation during flight, a later determi-
nation of the wing beat frequency, and hence the flight intensity. The audiograms
arc decoded by means of computer software (AVI Soft) for sonnd frequency
analysis. These values can be compared with similar data reported by other
authors, and with their indirect calorimetric determinations of flight metabolism

(see Tntrodnction).

2

I

Fig. 1 Schematic sketch of the calorimetric set-up (not to scale!), 1 — LKB 10700 air bath
with insulating calorimetric support (2); 3 — cubic aluminum heal sink with turnable
lid (4) and two holes (5} lor external light guides; 6 — cylindrical calorimeter wall:
7 — calorimetric lid made from metal or perspex; 8 — carousel support: 9 — flight carou-
sel, 10 ~ starung table with Jowering screw (11); 12 — inductive proximity switch;
13 — microphone; 14 — internal light guides; 15 — Peltier eJements in series; 16 - cali-
bration heater; 17 — insect
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Results and discussion

Figure 1 shows an out-of-scale sketch of the complete calorimetric set-up
with the thermostated air bath, the calorimeter proper and the different accesso-
ries. Figures 2 to 4 illustrate the mechanical parts of the calorimeter and the man-
ner of their assembly. The most important device is the carousel, which has such
a low friction that all tested insects were easily able to start its movement and
keep tt moving (if they were motivated to fly at all in the calorimeter). Itis known
from the literature, from personal communications and from our own experience
with a windtunne! that only 30 to 50% animals undertake to fly on carousels or in
windtunnels.

Fig. 2 Disassembled aluminum parts of the calorimeter with the cylindrical calorimeter
proper in the center and its bottom (front left with carcusel support and table) and lid
{front right), the carousel (lront center) and its upper support (in front of the cylinder),
with micrephone, support and inductive proximity switch ([rom left to right)

Fig. 3 Hall-assembled calorimeter, showing three white Pelticr clements in front, the carou-
scl support in the center, and the starting table with its lowering device (left)
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Fig. 4 Completely assembled calorimeter witheut lids, showing the carousel support wilth mi-
crophone (left) and inductive proximity switch (right), the carousel and the slarting la-
ble (hehind)

Calibration runs with the instrument vielded a sensitivity of 63.6 mV W~ and
a time constant of 14.3 min. This relatively slow response is without importance,
since only longer-lasting steady states of flight are of interest, which are ecasily
obscrved via the flight specd. Short-time actions play no role in these investiga-
tions. Moreover, the application of a Fourier transform of the calorimetric signal
(seee.g. [26]) or of the Tian equation with one or two time constants [27] may af-
ford pictures of the true power-time curves of the flying animal. The sensitivity
ig high enough, and corresponds to that of modern heat flow instruments. With
power outputs in the range 50 to 100 mW during flight, signals up to 10 mV arc
typical. They are dircctly monitored on a two-channel recorder or fed after
preamplification to a computer for registration and further evaluation. The inost
important characteristic data of the instrument are compiled in Table 1.

The carousel flight calorimeter has so far been successfully tested with hor-
nets (Vespu crabire). Table 2 shows the [rst results of these investigations, All
hornets had been caught from relocated nests, which were placed in artificial
wooden nest boxes (for details, see [28]). The heat production rates of hornet
drones and workers show nu significant Jifferences. This also holds true for the
mean valucs ol mass specific heat production rates and body mas (Mann-Whit-
ney U-test, =0.05). The findings are confirmed by rathcr high values for stan-
dard doviations. The scatter in the heat production rates may be due o different
motivational states in the hornets. The highest heat production rate of drones at
30°C was 253 mW g ', as compared with 291.2 mW g™ for workers. Depending
apon the inscct flying, different light conditions had to be guaranteed (o sustain
flight, and various tricks had to be applied to start flying. For hornets, the easicst
way was to fix the insect on the carousel under full outside llumination, admin-
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Table 1 Characteristic data of the calorimeter

External dimensions

Internal dimensions

Internal volume

Miass of the whole calorimeter
Thickness ol the outer wall
Thickness of the internal cylinder

Arm length of the carouscl
Number of Peltier elements

Type of Peltier clements
Calibration heater
Sensitivity of the calorimeter

Time constant of the calorimeter

235x235x167 mm (LxBxt)
180x110 mm (@xH)

2800 em’

10234 g

12 mm

10 mm

62 mm

8 at the walls
2 at the bottom

TECI-12705
1063 Q
63.6mvV W'
14,3 min

Table 2 Heat production rates of [lying hornets at 30°C

Caste __ PimW Mimg pimW g’ n
Drone 6448177 535.74132.0 128.2451.1 20
Worker _ 63.5324.6 401.6£75.6 162,8+68.0 - 13

P = heat production rate, M = body mass, p = mass specific heat production rate, # = nurber of ¢x-
periments. ‘+’ values are slandard deviations

ister the tarsal reflex to induce flight, and then close the calorimeter. With this
procedure, the time of thermal equilibration fell in the (lying period and accord-
ingly was not a pre-flight period, as intended. Energetic evaluation was started
when a steady state of heat output was obtained after about 15 min at 30°C. Flight
times often exceeded I h, so that this lost registration time did not play a signifi-
cant role, but further experiments are planned to achieve an improvement ¢f the
performance.

Figures 5a and b present two typical flight curves of male hornets weighing
620.6 and 537.7 mg, in periods of slowly increasing or decreasing speed. In these
experiments, the speed was determined by mechanically counting the number of
revolutions per time. The graphs show merely part of the full experiments, which
lasted longer than the indicated times. Before and after the run, the baseline was
established; it remained unchanged during this period. Unfortunately, an indirect
estimation of the metaholism hy means of the mass Toss, and thus the consnmp-
tion of the food substrate was impossibie. A large proportion of the mass loss
during the experimental period was due to defecation, which became visible in
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Fig. 5 Two carousel registrations with increasing {a) and decreasing (b) flight speed. The
solid lines represent the heat flows, and the dotted tines the mechanically determined
flight speeds ol twe hornets weighing 620.6 and 537.7 mg, respectively, at 30°C and
an iHumination by the internal light guides and twe additional snap lights, A speed of
1.2 ms™' corresponds to 180 revolutions per min, The time denoted ‘0" in the graphs
corresponds to the start of the speed delermination, and not Lo the beginning of the
whole cxperiment

the calorimetric signal as small endothermic peaks. Periods in which these peaks
occurred were excluded from the evaluation,

Future prospects
The present paper describes orientational cxperiments with the first direct

calorimeter for flying insects, Fundamental investigations arc performed con-
cerning heat production rates during flight and their dependence on the flight
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time, temperature, illumination levels and modes of preparation of the animals,
and further simultaneous determinations are briefly discussed. In a subsequent
step, indirect calorimetry will be carried out by monitoring changes in oxygen
and carbon dioxide concentrations during flight, with hermetic sealing of the
carousel volume and the application of special gas sensors. The thorax tempera-
tare will be measured by means of thermocouples and low-friction sliding con-
tacts at the carousel support. Future flight stimulation by tarsal reflex may be
achieved by means of a trapdoor mechanism in the calorimeter, A small video
camera may observe the physiological state of the mnsect before and after flight
and during any intermissions.

Not all of these possibilities are already incorporated in the new prototype,
but they can be included more or less easily after preliminary testing experi-
ments. The new experimental approach presented in this paper for the measure-
ment of metabolic rates may yield further insight into physiological mechanisms
of insect flight, and into the energy budget of social insect colonies.

We are deeply indebted to the late Holger Lill, who built this calorimeter with enthusiasm, [an-
tasy and skill, and who died much too early, in his 29th year. He was not allowed Lo see the success
of his work.

We gratetully acknowledge the financial support of the FNK ol the Free University Berlin, and
the steady help given to us by Nina Briiders, Ralph Holzel, Bernd Schaarschmidt and Bernd Vorn-
berg.
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