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Summary

Mechanical power output and metabolic power input
were measured from an asynchronous flight muscle, the
basalar muscle of the beetl€otinus mutabilis Mechanical
power output was determined using the work loop
technigue and metabolic power input by monitoring CQ
production or both CO2 production and Oz consumption.
At 35°C, and with conditions that maximized power
output (60 Hz sinusoidal strain, optimal muscle length and
strain amplitude, 60Hz stimulation frequency), the peak
mechanical power output during a 10s burst was
approximately 140 W kg, the respiratory coefficient 0.83
and the muscle efficiency 14-16 %. The stimulus intensity
used was the minimal required to achieve a maximal
isometric tetanus. Increasing or decreasing the stimulus
intensity from this level changed mechanical power output
but not efficiency, indicating that the efficiency
measurements were not contaminated by excitation of
muscles adjacent to that from which the mechanical
recordings were made. The C@ produced during an
isometric tetanus was approximately half that during a
bout of similar stimulation but with imposed sinusoidal
strain and work output, suggesting that up to 50% of the
energy input may go to muscle activation costs. Reducing

the stimulus frequency to 30Hz from its usual value of
60Hz reduced mechanical power output but had no
significant effect on efficiency. Increasing the frequency of
the sinusoidal strain from 60 to 90Hz reduced power
output but not CO2 consumption; hence, there was a
decline in efficiency. The respiratory coefficient was the
same for 10s and 30s bursts of activity, suggesting that
there was no major change in the fuel used over this time
range.

The mass-specific mechanical power output and the
efficiency of the beetle muscle were each 2-3 times greater
than values measured in previous studies, using similar
techniques, from locust flight muscles, which are
synchronous muscles. These results support the hypothesis
that asynchronous flight muscles have evolved in several
major insect taxa because they can provide greater power
output and are more efficient than are synchronous
muscles for operation at the high frequencies of insect
flight.

Key words: muscle, asynchronous muscle, efficiency, work, work
loop, metabolic rate, respiratory quotie@tinus mutabilis.

Introduction

The flight muscles of insects can be characterized as beirgntraction frequency of an oscillating, asynchronous flight
synchronous or asynchronous, depending on the relationshipuscle is determined by the resonant frequency of the load and
between muscle electrical activity and contraction during flights generally different from, typically much higher than, that of
(for reviews, see Dudley, 2000; Josephson et al., 2000b). Bothe muscle action potentials, which is why the muscles are
synchronous and asynchronous muscles are turned on t®rmed asynchronous. The features of asynchronous muscle
impulses in motor neurons to the muscles and the resultirtat allow maintained, oscillatory contractions are delayed
action potentials in the fibers of the muscles. In a synchronousntractile deactivation following shortening and delayed
muscle, each contraction is evoked by a muscle action potentattivation following stretch (for details, see Josephson et al.,
or a burst of action potentials, and there is a one-to-on2000b).
correspondence between the electrical activity in a muscle andWith the exceptions of flight muscles in many insects and
contraction of that muscle. The term ‘synchronous’ refers t@ound-producing muscles of some but not all cicadas, all insect
this congruence between electrical and mechanical events. Akeletal muscles appear to be synchronous muscles, as do all
asynchronous muscle is turned on by neural input, but whenskeletal muscles in arthropods other than insects. Synchronous
is activated it can contract in an oscillatory manner if it iscontrol of contraction is certainly the ancestral state and
attached to an appropriate mechanically resonant load, suchas/nchronous control a derived condition (Pringle, 1957;
is offered in life by an insect's wings and thorax. TheDudley, 2000). Asynchronous flight muscles are found widely
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in extant insects, and they power flight in several of thevailable for myofibrils, so there is a trade-off between rapidity
more speciose orders, including Coleoptera, Diptera andf contraction on the one hand and force and power on the
Hymenoptera. The distribution of asynchronous musclesther. Synchronous muscles that can contract at high frequency
among insect taxa suggests that asynchronous flight musaee expected to be, and have been found to be, weak and to
has evolved independently at least six times in different insettave low power output (Josephson, 1984; Rome et al., 1999).
lines (Cullen, 1974; Pringle, 1981; Dudley, 2000). Several Asynchronous muscles achieve high contraction frequencies
suggestions have been put forth as to the advantages offemithout hypertrophy of the SR; in fact, in asynchronous
by asynchronous control that might have led to its having beenuscles, the SR is rather sparse. Because there is relatively
favored by evolution in several different insect groups. little SR in asynchronous muscles compared with high-
() The potential for high operating frequency (Pringle, 1957frequency, synchronous ones, there is potentially more space
1981; Josephson and Young, 1981; Dudley, 1991; Dudleyer unit muscle volume in asynchronous muscles for
2000). In synchronous muscles, each contraction begimayofibrils. This is the basis for the proposal that high-
with depolarization of the muscle fiber membrane. Thdrequency asynchronous muscles should have a greater mass-
depolarization triggers the release offCimto the cytoplasm specific power output than synchronous ones. The best
from an internal store, the sarcoplasmic reticulum (SR). Thavailable information on the power output of asynchronous
released C& diffuses into the myofibrils where it activates the muscle comes from a recent study of a beetle flight muscle
myofilaments. The contraction is terminated by the re-uptak&losephson et al., 2000a). The beetle muscle did indeed have
of the released Gaby the SR. Several of these control stepsa higher power output than reported values for high-frequency
are potentially slow and rate-limiting, in particular the synchronous muscles. The increased power output in the beetle
diffusion of C&* into and out of myofibrils and the uptake of muscle was actually greater than could be accounted for simply
Ca&* by the SR. The maximum operating frequency of aon the basis of an increase in relative myofibrillar volume. The
synchronous muscle is presumably set, in part, by the rapidifyower output per unit mass of myofibril was higher in the
with which released CG& reaches myofilament control sites asynchronous beetle flight muscle than in those synchronous
and the rapidity with which Gacan be taken up by the SR to muscles that have been examined. Specifically, the power
terminate activity. Asynchronous muscles bypass cycle-bysutput was approximately 243 WHgnyofibril for the beetle
cycle C&* control and the limitations that it imposes. As flight muscle [operating frequency, 60-90 Hz; power output,
indicated above, the operating frequency of an asynchronodg1 W kglmuscle (Josephson et al.,, 2000a); myofibrillar
muscle is the mechanically resonant frequency of the musclelume density, 58.1% (Josephson et al., 2000b)]. The
and its load. The maximum frequency for an asynchronousquivalent power output for synchronous flight muscle
muscle is probably limited only by the mechanical propertie$rom a locust (contraction frequency during flight, 20Hz)
of the muscle and the parts to which it is attached and by thie approximately 105W kgmyofibril [power output,
kinetics of the delayed shortening deactivation and delaye@8 W kg2muscle (Malamud et al., 1988); volume density of
stretch activation that underlie oscillatory performance andnyofibrils within the muscle, 65 % (Josephson et al., 2000b)].
allow positive power output by the muscles during cyclicAsynchronous muscle does seem to be capable of producing
contraction. The contractile frequencies reached bynore mechanical power during high-frequency operation than
asynchronous muscles can be very high. The highestan synchronous muscle.
contractile frequency reported for any skeletal muscle is that (iii) Greater operating efficiency (Josephson and Young,
from asynchronous wing muscles of a tiny midge (Diptera), fod981; Lindstedt et al., 1998; Dudley, 2000). The maximum
which the oscillation frequency was approximately 1000 Hz irefficiency (=work done/metabolic cost) of a synchronous
intact animals and over 2000 Hz for animals in which the wingsnuscle, operating as do flight muscles at moderately high
had been surgically reduced to small stumps (Sotavalta, 1953)equency and with a moderately small length change (=strain)
(i) Increased power during high-frequency operationper cycle, is expected to be inversely related to operating
(Josephson and Young, 1981; Lindstedt et al., 1998). Sonfeequency. As a first approximation, the maximum work per
synchronous muscles do operate at quite high frequenciesycle available from a synchronous muscle during repetitive
200 Hz for sound-producing muscles of the toadfish (Rome &bntraction is proportional to the cycle duration and, thus,
al., 1996), over 200Hz for the wing muscles used in sounthversely proportional to cycle frequency (Josephson, 1989).
production by a katydid (Josephson and Halverson, 1971) arithe mechanical power output, which is the product of work
over 500 Hz for the tymbal muscle of a cicada (Josephson amer cycle and cycle frequency, is therefore expected to be
Young, 1985). High-frequency operation in synchronousndependent of cycle frequency or at least not strongly
muscles is achieved, in part, through hypertrophy of the SRlependent on cycle frequency. The activation cost for turning
which reduces Ca diffusion distances into and out of muscle on and off is substantial; it is estimated that a quarter
myofibrils and increases the capacity of the SR to remo¥g Cato half of the energy consumed by a muscle during an isometric
rapidly from the cytoplasm. In extreme cases, the volume dfvitch is associated with the release o?Ctp activate the
the SR within the muscle can substantially exceed that of thauscle and the resequestration of'Ca terminate activity
myofibrils (Rosenbluth, 1969; Josephson and Young, 1985fjHomsher and Kean, 1978; Rall, 1982). The metabolic power
Hypertrophy of the SR reduces the fraction of a musclénput attributable to muscle activation can be expected to be



Efficiency of asynchronous muscid 27

proportional to the frequency at which the muscle is turned oand the top of the chamber were removable to allow mounting
and off. The expected consequence of mechanical powef the animal, connection of the stimulating electrodes,
output that is independent of operating frequency anéhsertion of the temperature thermocouple and moistening of
activation costs that are proportional to frequency is declininthe muscle with saline. When the animal had been mounted,
efficiency with increasing operating frequency. the removable sides and top of the chamber were fixed in place
The activation costs are presumably much smaller fowith thumbscrews. The joints between the removable and the
asynchronous muscles than for synchronous ones. fixed walls of the chamber were made airtight by liberal
asynchronous muscles, the firing frequency of the activatingpplication of stopcock grease.
motor neurons is low, generally much lower than the The temperature of the insect within the chamber was
contractile frequency. The volume density of SR incontrolled by adjusting the intensity of a heat lamp that shone
asynchronous muscles is low and so too, therefore, must be the the chamber and that of a microscope lamp that illuminated
rate of C&* release and uptake per unit muscle volume. Ithe thorax of the animal within the chamber. The intensity of
would be predicted that the higher mass-specific mechanictie heat lamp was adjusted manually to raise the thoracic
power output and the lower activation costs in asynchronousmperature to slightly below the desired level when the
muscles compared with synchronous ones would result imicroscope lamp was off. The final temperature control was
asynchronous muscles being more efficient as motors for higlachieved with the microscope lamp, whose intensity was
frequency operation. The following study was performed taontrolled by a servo system, the input signal for which came
determine whether this prediction is, indeed, true. from the thermocouple in the thorax of the preparation.
An air input port and an output port projected through
) opposite walls of the experimental chamber. The input air,
Materials and methods before it reached the chamber, passed, in sequence, through
General procedures and apparatus a pump (Ametek R-1 Flow Control), a @Gscrubber
The measurements were made from the metathoracifAscarite), a water scrubber (Drierite), a mass flow controller
basalar muscle of the beetotinus mutabilis(Gory and (Sierra Side Track 840) and a hydrator consisting of a tube
Percheron). The beetles were obtained from a laboratofilled with folded, moistened filter paper (Fig. 1). Water and
colony. All the animals used in this study were capable o€0O, were removed from the air before the mass flow
ascending flight when they were provoked to fly by throwingcontroller to ensure that the volume of air measured as
them repeatedly into the air. passing through the controller was dry and>@@e. The
The methods used to raise animals and to prepare tfiew rate through the controller was 100 mlmdinn all
muscle and record force and work from it have beerexperiments. The air was rehydrated after the mass flow
detailed previously (Josephson et al., 2000a). The completedntroller to reduce drying of the preparation in the
preparation consisted of a beetle with the legs, wings and heegspiratory chamber. The air leaving the chamber passed
removed. The preparation was fixed, with its dorsal side up, through a second water scrubber and a &talyzer (Li-Cor
a platform on the moveable shaft of an ergometer (a devidd-6251). In experiments in which both G@roduction and
for imposing controlled length changes on the muscle). Th®,; consumption were monitored, the air leaving theoCO
ergometer shaft was vertical, and the animal was mounted suahalyzer passed into one of the input ports of a differential
that one of the paired basalar muscles, that from whichxygen analyzer (Sable Systems FC-2 ‘Oxzilla’, Henderson,
mechanical measurements would be made, was position&tl/ 89014). A second Cgxscrubber was inserted between the
directly above and in line with the shaft. Stimulating electrode€0, and @ analyzers in most but not all the experiments in
were placed in the ventral insertion of the muscle, and a foraghich O, was measured. The reference air to the second input
transducer was attached to the dorsal apodeme of the musgert of the differential oxygen analyzer came from a side arm
The stimuli used to activate the muscle were 1ms shocken the supply side of the circuit after the £&nd water
presented in bursts at 60 or 100Hz. A thermocouple, insertestrubbers. A flow meter with manual control was used to set
into the thorax on the side opposite to the experimental muscléye flow rate in the reference line to 100 mimin
monitored thoracic temperature. When data collection in an experiment was complete, the
The preparation was enclosed in a rectangular chambegspiratory chamber was opened and the muscle from which
whose volume, without the animal, was 46 ml. The leads to the@ork had been obtained was fixiedsitu by superfusion with
thermocouple and to connectors to which the stimulating0% ethanol. After approximately 30min of fixation, the
electrodes were attached entered the chamber through leakuscle was detached from the force transducer, and the
proof ports in the chamber wall. The ergometer shaft entergateparation was removed from the ergometer and stored in
the chamber from the bottom through a flexible diaphragm that0 % ethanol. After one to several weeks in ethanol, the
allowed the shaft to move along its axis. The rod holding thexperimental muscle was dissected free from the preparation,
force transducer entered the chamber horizontally through rehydrated overnight in insect saline and weighed. An estimate
second flexible diaphragm that allowed some horizontal andf the original wet mass of the muscle was obtained by
vertical movement of the transducer and adjustment of theultiplying the mass of the rehydrated muscle by 1.177 to
position of the muscle at the transducer attachment. Two sidesrrect for the mass loss associated with fixation (Josephson et
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1 2 3
(1) Pump
(2) Carbondioxide scruubber
(3) Water sciubber

(4) Massflow cortroller

. . 5) Hydrator

Fig. 1. Flow diagram for the §6§ E>}</perimertal chamber
apparatus. Components 9-11 (7) Water scubber

were used only in series 2, in (8) Carbondioxideandyzer
which both CQ production (9) Marual flow cortrol

and Q consumption were (10) Carbondioxidescmubber
measured. (11) Oxygenandyzer

al., 2000a). The mass of the muscles used in these experimefew hundred milliseconds. In the present study, in which the

was 37.6£5.8 mg (meansn., N=25). stimulus bursts during efficiency measurements were 10 or 30s
, , , long, work output often declined irregularly and substantially
Setting parameters for stimulation and work output  ,r61ghout the period with muscle stimulation and sinusoidal

Choosing an appropriate stimulus intensity and frequency  oscillation when the stimulation frequency was 100 Hz.
The basalar muscle is innervated by at least five excitatofgeducing the stimulation frequency to 60 Hz appeared to give
axons and at least one inhibitor (Josephson et al., 2000a). Taenore stable work output, and this stimulation frequency was
amplitude of a muscle contraction initiated by a stimulus oused in most efficiency trials.
burst of stimuli is dependent on how many of the innervating
axons are activated and, therefore, on stimulus intensity. Whégtermination of optimal muscle length and strain
the animal had been mounted in the chamber, the thoracic Measurements of optimal muscle length and optimal strain
temperature was set at 30 °C and isometric force was measu@uplitude were performed at a muscle temperature of 35°C
as the muscle was stimulated with 150 ms bursts of shocks afhd a strain frequency of 60Hz, conditions that were found
1ms duration at a stimulus frequency of 100 Hz. The stimulupreviously to be approximately optimal for mechanical power
intensity was initially below the threshold for contraction andoutput (Josephson et al., 2000a). When determining optimal
was increased progressively from trial to trial (intertrialmuscle length, the muscle was set initially at a short length,
interval 1 min) until a maximal or nearly maximal contractionone at which it was slack with little or no resting tension. The
was produced. The stimulus intensity used in subsequentuscle was then stimulated tetanically at 100Hz using the
measurements was close to and sometimes slightly less thstimulus intensity identified as being adequate to excite most
that required to evoke a maximal tetanic contraction. Wer all of the units in the muscle. During the plateau of the
will term this stimulus intensity ‘adequate’. It should be contraction, the muscle was subjected to 15-21 cycles of
emphasized that the ‘adequate’ stimulus intensity might be lesénusoidal strain. The strain amplitude was typically 0.24 mm
than that required to obtain a maximal tetanic response. Weeak-to-peak, but was made slightly greater than this with
reasoned that using a less-than-maximal stimulus might ngfarticularly large beetles and slightly smaller for small ones.
activate all the motor units within the muscle, and the worlAfter every third cycle, the muscle length was increased,
output might be less than that obtainable with stronger stimultypically by 0.02mm. Measurements of muscle length and
but that the increase in G@roduction and in @consumption force were collected with an analog-to-digital converter
above the baseline levels resulting from muscle stimulatiosampling frequency 15kHz per channel). A computer
would be more likely to be due to activity in the basalar musclprogram, running on-line, created and displayed work loops for
alone than might be true with stronger stimuli, which couldhe second cycle of each set of three and calculated the work
excite muscles adjacent to the basalar. If muscles surroundingpresented by the work loop. The optimal muscle length was
the basalar were to become activated, their activity woulteken as that length in the set that produced the greatest work
increase the amount of extra £@roduced and ©consumed per cycle.
above the resting level without increasing the measured work, In determinations of optimal strain, the muscle was held at
thus reducing the apparent efficiency. that length determined to be optimal for work output and
We reported previously that power output is maximal wherstimulated tetanically at 100 Hz. The muscle was subjected to
the muscle is stimulated at 100Hz (Josephson et al., 20004p—21 cycles of sinusoidal strain during the plateau of the
This result came from studies using bursts of stimuli lasting eesulting isometric contraction. The initial strain amplitude was
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typically approximately 0.16 mm peak-to-peak (approximatelylOs, the stimulus frequency 60Hz, the stimulus intensity
3% of muscle length) and was increased by approximateladequate’, and the sinusoidal strain frequency 60 Hz will be
0.02mm (approximately 0.3% of muscle length) after everyeferred to as control trials. Control trials were interspersed
third cycle. The strain at which the work per cycle was greatesimong trials with other values for stimulation or strain
was accepted as the optimal strain. If the value determined fparameters. The sequence of trials for experiments of the two
optimal strain differed significantly from that used earlier wherseries is shown in Table 1.
measuring optimal muscle length, the optimal muscle length In both the first and second series, a few preparations, when
was again measured, as described above, using the newilgt set up, were found to be either unresponsive or to produce
determined value of optimal strain. All efficiency unusually low isometric force and work; these were discarded
measurements were made with the muscle at that lenghithout efficiency measurements being taken. The first series
determined to be optimal for work output and, except in sommcluded a total of 10 and the second series 15 more-or-less
of the trials using a 90Hz cycle frequency, with the optimakuccessful experiments. In a few trials of the second series, the
value of imposed strain. signal-to-noise ratio for the LZchannel was too low to allow
reasonable measurement of @nsumption. The sample size
Protocols for data drawn from these experiments was 13-15 depending
The results to be considered are drawn from two series oih the parameter being considered.
experiments. In the first series, £€@roduction, but not ©
consumption, was measured. These experiments were Data collection
designed to examine the effects on muscle efficiency of During each trial, a block of interdigitated data samples
stimulus frequency, stimulus intensity and strain frequencywas collected from the muscle force, muscle lengthp, CO
The second series of experiments, in which both, COand, if present, the ©Ochannel at approximately 0.5s
production and @ consumption were measured, wasintervals. The sampling frequency was 15kHz per channel,
undertaken primarily to determine the respiratory coefficienand each block of data represented 200 ms of activity. If the
(RQ) of working beetle muscle. The results discussed belowata sample was from a period in which there was muscle
will be identified as being from the first experimental seriestimulation and imposed strain, a work loop (a plot of
or the second. Experiments in both series consisted of rauscle force against length) was collected and analyzed
number of individual trials. Each trial included a 30s prefor the second complete cycle in the data set. The values
stimulation period, 10 or 30s of continuous musclesaved from each block of data were:t@) the time at the
stimulation with or without continuous sinusoidal strain, andonset of data collection for the block; (W, the work done
a 500-600s recovery period. The muscle temperature walsiring the second complete strain cycle (if there was
35°C throughout. Trials in which the stimulus duration wasmposed strain) during the block; (iiDn, the duration of

Table 1.Parameters for the sequential trials in experiments of series 1 and series 2

Stimulus Stimulus intensity Burst Sinusoidal frequency (strain)

Trial frequency ox duration 0Hz
number 30Hz 60Hz Low Adequate adequate 10s 30s (isometric) 60Hz  90Hz
Series 1 (CQonly)

1 X X X X

2 X X X X

3 X X X X

4 X X X X

5 X X X X

6 X X X X

7 X X X X

8 X X X X

9 X X X

10 X X X

Series 2 (C@+0y)

1 X X X X

2 X X X X

3 X X X X

4 X X X X

5 X X X X

Control trial numbers are in bold type.
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the strain cycle; (ivlPn, the power output for the strain cycle release and of ©uptake above those from a quiescent
analyzed (¥Wn/Dn); (V) [CO2]n, the value of the first sample preparation (Fig. 2). The signal from the £&halyzer began
read from the C@analyzer and, for trials in the secondto rise 10-20s after the onset of stimulation, the delay
series of experiments, (vi) f, the value of the first presumably resulting largely from transit time between the
sample read from the oxygen analyzer. The individuatespiratory chamber and the analyzer. The delay to the onset
values of Pn from each sample during which there wasof the response from the Canalyzer, which was further
muscle stimulation and imposed strain were averaged tdownstream, was 85-95s. Both the Gd G signals rose
obtain a mean power output for the period of activity. Theapidly to a peak and then decayed more slowly over the next
total work done during a trialMotal, was calculated as the several minutes. The decline in the efflux rate of extra CO
product of the mean power output and the duration of thabove the resting level, or of diminished llow the resting

burst of activation. level, when plotted as log(efflux rate)ersustime, was
. ) . approximately linear for much of the decay portion of the
Analysis of CQproduction and @consumption response (Fig. 2D).
The basic response A relationship that is linear on a semilogarithmic plot can

A 10s bout of muscle stimulation with imposed cyclic be represented as an exponential function. The time constants
strain resulted in pronounced increases in the rates ef CQor the exponentially declining portions of the £@nd
O2 signals were determined from the slopes of least-

Fig. 2. CQ production and © consumption associated with SAUAres regression lines fitted 'to the Imear segments of
mechanical work. (A) Increase in the £€oncentration of the air Se€milogarithmic plots. The durations of the time segments
exiting the experimental chamber following 10s of muscleconsidered ranged from 100 to 250s. The average time
stimulation and work output. The power output during theconstant for the C®decay ratetco,) in the first trials with
stimulation is shown in C. (B) The corresponding decreasezin O
concentration of the air leaving the experimental chamber. The
output signal from the Panalyzer was occasionally rebalanced
between trials to compensate for drift. The background level for the
O trace is therefore arbitrary. The delay between the increase ing
CO, concentration and the decrease ir €bncentration is a )
consequence of theGanalyzer being downstream from the £0O
analyzer. The dotted lines in A and B connect the means of the first§ 1001
50 samples collected in each trace with the means of the last 5@,
samples. These lines are taken as baselines for estimating the 0
increase in C@ production or @ consumption during the period
represented by the trace. The extraoQ®oduced as a result of
stimulation was measured as the area between ther@@ and the
calculated baseline (shaded portion of A). (D) The increase in CO
emission above the calculated baseline and the correspondin
decrease in ©concentration on semi-logarithmic plots. The graph of
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10s of stimulation was 144+62s (mears.., N=25). The and the resting curves for G@oncentration as functions of
measured time constants were substantially longer than thtémne.
expected for the wash-out time from a well-stirred respiration Evaluating the increased GOproduction evoked by
chamber (=chamber volume/flow rate=28s), suggesting thatimulation is complicated by drift in the resting level of CO
COz production in the beetle and @diffusion out of the production. In most preparations, the resting level 05,GQ
beetle into the chamber are major determinants of the timmeasured in the 30 s period immediately preceding stimulation
course of the C@response. The equivalent time constant forin each trial, declined progressively through the set of trials of
the oxygen signalg§,) was 5618 s (meansp., N=14). The an experiment (Fig. 3). In a few cases, the restingp CO
longer time constant for the G®ignal as opposed to that for production rose initially over a few trials and then declined.
O2is probably a consequence of the greater aqueous solubiliye assume that the changing levels of resting @®ission
of COz than of Q@ and therefore a longer time required reflect recovery from tissue damage that occurred while
for equilibration of CQ between outside air and insect preparing the muscle and possibly also cell and tissue death
hemolymph. during the course of an experiment. The slow decline in the
Throughout these experiments, the t€aces were noisier rate of CQ emission through the course of an experiment
and with more long-term drift than were the £@cordings. indicates that the rate of G@elease is approximately the same
This is a consequence of the different conditions under whichs the rate of C&production during rest and activity and that
the two gases were measured. The G@fleased was detected there is no gradual accumulation of £d@issolved in
against a background level, that of the air flowing into thénhemolymph and the applied saline. An increase in the CO
chamber, of zero, and small changes in the amounts cbntent of the preparation, and hence the @@dient between
CO, produced gave fractionally large changes in the; COthe inside and the outside of the animal, would lead to an
signal. The oxygen signal, in contrast, was a relatively smalhcrease in the rate of CQelease, rather than a decrease as
change superimposed on a large background. In Fig. 2, fovas seen.
example, the maximum decrease after stimulation in the To extract the extra C{production associated with activity
Oz concentration of the effluent air from the respiratoryfrom the slowly changing resting level, we assumed that the
chamber was approximately 150 parts per million (p.p.m.) in atatter changed linearly over the duration of a single trial. An
airstream with approximately 210000p.p.m., or a fractionakstimate of the C&concentration reaching the analyzer early

change of less than 0.1 %. in the trial was obtained by averaging the first 50 of the saved
_ _ values for CQ concentration and assigning the average value
Calculating CQ production to the time after the trial onset at which the twenty-fifth sample

The amount of extra COproduced as a result of muscle was collected. Similarly, a value for the £€&ncentration at
stimulation is proportional to the area between the curvéhe end of the trial was obtained by averaging the last 50
defining the effluent C® concentration as a function of samples and assigning the average to the time at which sample
time following stimulation and the concentration of £0 25 from the end was collected. Predicted values for the resting
emitted from the resting preparation (shaded portion o€O; concentrations that would have been expected at any time
Fig. 2A). If, as in these experiments, the flow rate througlhroughout the trial had there been no stimulation were
the chamber is constant, the extrag®oduced is equal to obtained by linear interpolation between the early and late
the flow rate multiplied by the area between the stimulatedalues for CQ concentration and the times at which they

110+ 110+

Fig. 3. Change in Cg@efflux over
the course of an experiment. Each
of the set of points joined by a line
is from a single preparation. The
results from the 10 preparations of §5)
series 1 have been separated andd
displayed on two graphs to increase
clarity. Each of the data points
indicates the rate of GQOemission

lux (% of initial value)

during the 30s preceding 60 0 20 0 60 80 100 0

stimulation in a trial relative to the
value on the first trial. Time (min)

60 T T T T T 1
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occurred. The following equation was used to determine thieaseline was calculated in the same way as was the extra CO
total amount of C@ attributable to muscle stimulation and production described above. In the £@ecordings, the

work: measurement error introduced by the change in total flow rate
n due to the C@produced and the &ronsumed is tiny and can
_ . \(t. , be ignored. In the Pmeasurements, however, the air flowing
Vco, = CcO —[CO Qi+ —6)FR, .
co: Z [([COmeas.~[COalprea. )(ir1 =) through the system has a large backgroup@ddcentration,

=1 and the small changes in the flow rate due te &fdition and

whereVco, is the total extra C®volume, [CQ]meas.iis the  Ozremoval result in changes in the concentrationgf&3sing
measured C@®concentration in samplg [COZpred. i is the  through the detector that are significant relative to those due to
predicted resting C&concentration at the time of samjple; O2 removed by metabolism. The initial estimate of O
is the time at onset of sampleti+1 is the time at onset of consumption obtained from the area beneath the curve defining
samplei+1, (i+1-ti) is the duration of the interval in which extra @ consumption was corrected for changes in volume
samplen was collectedn is the total number of samples in the flow using the volume equivalents of the flow rate equations
trial and FR is the flow rate through the GQanalyzer. given by Withers (equation 3b for the case in whichr @0t
Reported volumes for GQand @ are corrected teTP. We  absorbed before theo@nalyzer, equation 4a for the case in
will use the term ‘efficiency ratio’ to indicate the ratio of which it is) (Withers, 1997).
mechanical work done to G@roduced in those experiments In several of the sections below, results from an
in which & consumption was not measured. experimental trial are compared with those in control trials
As indicated above, much of the falling phase and especiallyreceding and following the experimental trial. When the
the latter part of the falling phase of the extra rate ob COdependent variable being considered was a ratio (RQ,
production initiated by muscle stimulation is approximatelyefficiency, efficiency ratio), the value of the ratio for the
exponential. Theoretically, it would take an infinitely long timecontrol trials was calculated as the mean value in the pre- and
for the rate of extra C£xelease to reach zero; practically, the post-trials for the parameter of the numerator divided by the
COz signal becomes indistinguishable from noise after a fewnean value in the pre- and post-trials for the parameter of the
hundred seconds. The trials in our £@easurements were denominator. This approach was adopted, rather than using the
generally 10-12min long. The average length of the decagverage value of the pre- and post-trial ratios themselves, to
phase of the C@signal, from peak to the end of the record,avoid biases that can arise when ratios are used in statistical
was 4.4+1.6co, (mean #s.0., N=25), wheretco, is the time  calculations (Sokal and Rolf, 1981).
constant of the signal decay measured from the same
preparation. The area beneath an exponentially declining
curve, integrated from the onset of the decline to a time equal Results
to 4.4 time constants, is over 98 % of the value that would b¥/ork output, C@production and @consumption (series 1 +
obtained were the integration to be carried from peak time to series 2)
infinity. The error in our C® measurements attributable to  We believe that it is the first experimental trial that is likely
terminating the trial after several hundred seconds rather tham be most indicative of the work output and efficiency in a

continuing it indefinitely is quite small. flying beetle, for it is on the first trial that the muscle is freshest
_ _ and the power output generally the greatest. Table 2
Calculating @ consumption summarizes work output and €@roduction on the first trial

To make the measurements ob ©onsumed and CO for the preparations of both series 1 and series 2. The maximum
produced as comparable as possible, cOnsumption was power reached during the 10's stimulation period (144 Wkg
measured to the same end point relative to its signal decay ragesimilar to the power output reported earlier for beetle muscle
as was C@ production. Thus, if the end of the signal trace,(127 Wkg?) (Josephson et al., 2000a). Assuming that the
and therefore the end of the time interval over whichp COrespiratory coefficient (RQ) for these preparations is 0.83 and
production was measured, caméimes the CQ decay time
constant after the COpeak, the interval over which 20
consumption was measured was terminated at the time af
the @ peak equal ta times the @ decay time constant (see

Table 2.Maximum power, total work and extra €@utput in
the first trial from each preparation

Fig. 2 and legend for an example) (Fig. 2). The baseline fror Maximum ca Efficiency
which the increased Oconsumption was measured was a powet Total "Xork prOd‘fEd ratio
straight line drawn betweeteypre andXposiYposs Wherexpre Wkg™) kg™ (mikg™)  (ImCO)
is the the mean of the 5GConcentration values in the interval Mean 144 1087 295 3.80
just preceding the rise in2@onsumptionypre is the time at  SD- 32 288 74 1.07

the mid-point of these samplegpstis the mean of the 500 . .

concentration values bracketing the selected endpoint of tt Strain frequency, 60 Hz; work duration, 10\=@5).

analysis interval anghostis the time of the selected end point. mxif:'Spec'f'c values are referenced fo the mass of the masala
An initial estimate of the extra Oconsumed above this :
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Table 3.Work, metabolic cost and efficiency in the first trial substantially greater than the muscle activation frequency

for each preparation from which both g@nd & were actually recorded from animals during tethered flight, which
measured was approximately 20 Hz. Corresponding to the low activation
cOoy o frequency in tethered animals, the lift generated by the wings
2 . .
Totalwork  produced  consumed Efficiency Was also low, only approximately 20 % of that required to keep

(Jkg?) (mkgd) (mkg? RQ (%) a freely flying beetle airborne. The flight system of beetles is
apparently structured to use low activation frequencies when,
as in tethered flight, high power output is not necessary. We
wondered whether muscle efficiency was different at low

Mass-specific values are referenced to the mass of the mhasalPPWer output from that at high power output. To examine this,

Mean 1045 307 378 0.83 14.0
S.D. 273 67 95 0.16 2.6

muscle. we compared muscle power output and efficiency when the
Efficiency is calculated assuming that the work equivalent of thénuscle was stimulated at 30 Hz (trial 4, Table 1) with that in

Oz consumed is 20.1 J ml(Schmidt-Nielsen, 1997). the usual control trials with 60 Hz stimulation (trials 3 and 5).
RQ, respiratory quotient. Control values for work output and G@roduction were, for
N=14. each preparation, the average of those in the two control trials

bracketing the trial with 30 Hz stimulation. In one preparation
of the 10 in the series, the €Q@ignal became somewhat
that the work equivalent of Oconsumed is 20.1Jmii (see irregular during the second of the control trials (trial 5) and did
below), the ratio of work done to G@roduced is equivalent not approach an obvious asymptote during recovery. This
to an efficiency of 15.7%. The relationships between workpreparation has been omitted from the analysis, and the results
CO; production and @ consumption for the subset of the are based on the other nine.
preparations of Table 2 from which both £€é&nd Q were At the time of these measurements, the preparations had
measured, i.e. the preparations of series 2, are summarizedbieen in the respiration chamber for 30min or more, and the
Table 3. The principal conclusion to be drawn from the resultmmean power in control trials, those trials with 60Hz
in Table 3, and by extension to those in Table 2 as well, is thatimulation, had dropped to 101+32 W@mean 1s.p., N=9).
this asynchronous muscle is approximately 14—16 % efficienthe average power output in the trials with 30 Hz stimulation

in converting chemical energy to mechanical work. was 64+11Wkg! (mean +s.p.). The average ratio of power
o _ with 30 Hz stimulation to that in the control trials was 64+11 %
Cost of muscle activation (series 1) (mean *sb., N=9). Although reducing the stimulation

Part of the cost of operating a working muscle is the energiyequency from 60 to 30Hz reduced power output by
input associated with turning the muscle on and off with eachpproximately one-third, the efficiency ratio remained
contractile cycle if it is a synchronous muscle or turning it oressentially unchanged. The values of efficiency ratio for trials
and maintaining it active if it is an asynchronous muscle. Thevith 30Hz stimulation averaged 105+12% of those in the
major parts of these activation costs are related #6 1€kase control trials with 60 Hz stimulation (means®., N=9), which
from the sarcoplasmic reticulum (SR) to initiate activity andis not statistically different from the value in the control trials
Ca* uptake by the SR to terminate it. (P>0.2, two-tailed-test with paired samples).

We evaluated the cost of muscle activation, relative to that
of doing work, by comparing the G@roduced by a muscle Efficiency and power at reduced and increased stimulus
when it was stimulated and held at constant length so that no intensity (series 1)
external work was done (trial 2, Table 1) with that done when As indicated above, we were concerned that stimulating
the muscle was stimulated in an identical pattern but dithe basalar muscle through implanted electrodes might also
external work (trials 1 and 3). In the 10 preparations of thistimulate some motor units in adjacent muscles, units that
series, the extra Cproduced above the resting level in thewhen activated would contribute to the increase in2 CO
isometric trial averaged 50.0+15.2 % (measix) of the mean released and Oconsumed above the resting levels without
for the two adjacent trials with work. Some internal work mayincreasing measured work output, thus reducing the apparent
have been done in the isometric trials, so the @Oduction efficiency. It was to lessen the probability of activating
during these trials may slightly overestimate the cost o&djacent muscles that we used stimuli, termed ‘adequate’
activation alone. Apparently, approximately half of thestimuli, whose intensity was close to, and sometimes slightly
increased energy expenditure when a muscle is stimulated aleds than, that required to initiate a maximal isometric tetanus
does maximal work is attributable to activation costs, and haffom the basalar muscle. To evaluate the possibility that there
to the cost of actually doing work. was activation of motor units in addition to those of the basalar

muscle, we measured power output and relative efficiency
Efficiency at reduced stimulation frequency (series 1)  when the basalar muscle was activated with stimuli whose

The stimulation frequency used in the control trials, 60 Hzintensity was well below the ‘adequate’ intensity and when the
is somewhat less than that required for maximum musclstimulus intensity was twice the ‘adequate’ level (trials 6 and
power output (Josephson et al., 2000a). However, 60Hz i& respectively, Table 1). We reasoned that if, indeed, muscles
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other than the basalar were contributing to the extra &1

o 84 i

O signals, decreasing the stimulus intensity should result i g A o Control trials
a proportionally greater reduction in the activation of the % 6 .
extraneous motor units than of basalar units since th g ,| A v A
extraneous units are more distant from the stimulating & om v
electrodes than are the basalar units. The efficiency, the § 21 b
should increase with decreasing stimulus intensity to 5 0
maximum reached when the stimulus intensity was sufficientl 50 100 150
small that only basalar units were excited. Similarly, increasin Power (W kg%
stimulus intensity should disproportionately increase the ¢ B Week i
activation of extraneous motor units, since all or nearly all th: », PY stimuli
motor units of the basalar muscle are already activated wil & 10______7_§:____‘_ ______
‘adequate’ stimuli, and efficiency should decrease. % ' -

In these experiments, the power and efficiency ratio &
reduced and at increased stimulus intensity were compari § 051 ¢
with those in two control trials, one coming immediately &

before and the other immediately after the sequential trials wit 0 0 05 10 15
altered stimulus intensity (Fig. 4). In one of the preparation
of this series, the first control trial was the one mentione:
above in which the C®signal was irregular and did not 151C Strong stimuli
approach an obvious asymptote; this preparation is nc
included in the analysis.

Three conclusions emerge from the trials of this series. (
Muscle efficiency in the control trials did not vary in a
significant way with the power output of the muscle being
examined (Fig. 4A) (correlation coefficient 0.4230.2). The 0 . : ,
efficiency ratio was approximately 4 Jthlin muscles that 05 10 15 20
were relatively weak, probably from degeneration and fatigue Relative power

with power outputs close to 50Wﬂg.§ls well as in muscles g 4 (a) Efficiency ratio (=work done/extra GQroduced by the
with power outputs over 100Wky (i) Reducing stimulus  muscle) during the control trials for the experiments investigating the
intensity did result in a decrease in power output but, rathéeffects of varying stimulus intensity. Each of the symbols is the
than there being an associated increase in efficiency as wotmean of the value in the control trial preceding and in that following
be expected were motor units external to the basalar beiithe trials with altered stimulus intensity. (B) The efficiency ratio and
excited by the ‘adequate’ stimuli, there was a decrease the average power output, each relative to that in the preceding and
efficiency with the decrease in stimulus intensity and resultinfollowing control trials, when the muscle was stimulated with shocks
power output (Fig. 4B) (correlation coefficient 0.78;0.02). of reduced amplitude. (C)_ Relative effic_iency and power wher_l the
Why efficiency should decline with decreasing StimulusmUSC|e was stimulated with shocks twice as.large as thqs_e in the
intensity is not obvious. Perhaps, when only a few motor unitcontrol trials. Re;ults from the same preparation are identified by a
) L2 . .. _common symbol in A—-C.
of the basalar are activated, the surrounding inactive units a
as a mechanical load, reducing the external work done by tt._
active units. (iii) Doubling the stimulus intensity from the Efficiency with 90 Hz strain (series 1)
‘adequate’ level had little effect on power output except in one In an earlier study of beetle flight muscle (Josephson et al.,
preparation in which power output nearly doubled; apparenth2000a), the muscle power output at 35°C was greatest at a
in this preparation, we substantially underestimated thstrain frequency of 60 Hz. However, the normal wing stroke
‘adequate’ stimulus (Fig. 4C). The overall efficiency ratio atfrequency during flight is approximately 90Hz. It seemed
the higher stimulus intensity (mean 3.9+1.43mhean #s0.,  appropriate, therefore, to determine whether muscle efficiency
N=9) was somewhat less than that in the control trials (meaat the normal flight frequency (90 Hz) was different from that
4.1Jmt1), but the difference between the efficiency ratio withat the usual test frequency (60Hz). The approach to
the high stimulus intensity and that in control trials was noascertaining this was as before; power output and efficiency
statistically significant #>0.18, two-tailedt-test for paired under the test conditions were compared with those in the
samples). preceding and following control trials. The optimal strain for
To summarize, decreasing the stimulus intensity from th@ower output by the beetle basalar muscle declines with
‘adequate’ level did not increase efficiency, nor did increasingncreasing cycle frequency and is expected to be approximately
the stimulus intensity decrease efficiency, indicating that ther#0 % less at 90Hz than at 60Hz (see fig. 10 in Josephson et
had not been significant activation of motor units other thaal., 2000a). In three of the preparations of this experiment, the
those of the basalar itself during trials with ‘adequate’ stimulimuscle strain used with both 60 and 90 Hz cycle frequencies

Relative power

Relative dficiency
<
<4
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was that found to be optimal for work output at 60 Hz. In the Table 4.Respiratory coefficient and efficiency in trials with
remaining seven preparations, the strain used at 90Hz w 10s and with 30 s of stimulation and work
10 % less than that found to be optimal and used at 60 Hz. Tl

. ) Duration of stimulation Efficiency
results from the group with and from that without reducec .4 strain s) RQ (%)
strain at 90Hz were similar and have been combined fc
simplicity of presentation. 10 0.8420.03 13411

30 0.8&0.02 14.@0.7

Power outputl) was significantly less with 90 Hz than with
60 Hz cycle frequencyPgoHZPsoH~=0.79+0.13, mean %.p., Values shown are mearsem. (N=14).
N=10,P<0.002, two-tailed-test .for pa!red Saml?'es)- Although Neither the respiratory quotient (RQ) nor the efficiency is
the power output decreased with an increase in cycle frequensignificantly different between the 10's and 30's trig#0(6 for RQ,
from 60 to 90Hz, the COproduction was essentially the p>0.4 for efficiency, two-tailed-test for paired samples).
same at the two frequencies (ratio for £€onsumption,
90Hz/60Hz,=1.04+0.18, mean ., P>0.5); consequently,
the efficiency ratio was significantly smaller for 90 Hz than formeasuring muscle efficiency, distinguished and evaluated
60 Hz oscillation [(efficiency rati@pnd(efficiency ratiojon~=  several different ways in which efficiency has been calculated
0.76+0.06, mean %.0., P<0.001]. The wing stroke frequency (see also Syme, 1994).
used by the beetle in flight, 90 Hz, seems not to be the optimal Gross efficiency=external work done/total energy used).

frequency for power output nor for efficiency. Gross efficiency includes the resting metabolic rate as part of
.- : o . the cost of muscle activity.
Efficiency during 30s bursts of activity (series 2) Net efficiency=external work done/energy expended during

In some insects, there is a change in the fuel used during thetivity minus resting energy expenditure for an equivalent
course of a burst of flight. For example, in the African fruittime interval). In this measure, the cost of contraction is based
beetlePachnoda sinuatathe first few minutes of flight are on the increase in metabolic rate above the resting level.
powered by the oxidation of proline and later flight largely by Work or apparent efficienc{=external work done/energy
the oxidation of glycogen (Zebe and Gade, 1993).dcusta  expended minus energy expended under similar conditions but
migratoria, there is a shift from the metabolism of with no work output). Here, the efficiency is based on the
carbohydrate as the principal energy source to that of lipithcrease in metabolic output above that in muscles that are
during the course of long flights (Worm and Beenakkersstimulated but do no work, e.g. muscles allowed to contract
1980). To gain some insight into whether there might be @sometrically or to shorten against zero load.
change in the fuel used during the rather short activity periods Delta efficiency(=increment in work done/increment in
used in our measurements of muscle efficiency, we compareshergy expended). This measure is essentially the slope of the
the respiratory coefficient and efficiency in trials with 30 s ofline relating work output and energy input.
stimulation and strain with those in preceding and following The approach that we used with the beetle basalar muscle
control trials with 10 s of stimulation and work output. Neitherdid not allow the resting metabolic rate of the muscle alone
the RQ nor the efficiency was significantly different betweerto be determined. The resting €roduction and ©
trials with 10s of stimulation and work output and those withconsumption measured were those of the whole preparation,
30s of stimulation and work (Table 4). Our results provide n@f which the basalar muscle made up a small fraction. In
evidence for a change in fuel when the duration of a bout advaluating muscle efficiency, we took, as a measure of the
activity is increased from 10 to 30s. energy expended, the increase in 2C@oduction or Q
consumption during muscle activity above the resting level for
the whole preparation. Our value for efficiency of 14-16 % is
the net efficiency of the muscle. The metabolic rate of the

Efficiency of beetle flight muscle basalar muscle during activity is enormous relative to the

Muscle efficiency is defined as the ratio of work done taresting rate (see below) and, for calculations of efficiency, the
energy expended in doing that work. The energy inputesting metabolic rate of the muscle is negligible. In the beetle
associated with work output has been measured, in differentuscle, the net efficiency and the gross efficiency are
studies, by heat production, fuel depletion or, for aerobiessentially identical.
muscles such as the beetle flight muscle, by @©duced or The power output from the basalar muscle tended to decline
Oz consumed. Evaluating the fraction of the total energyver the course of a 10 or a 30's burst of activity (Fig. 2). It is
expended that may appropriately be assigned to the measugassible that some or all of the drop in power was a result of
work output can be problematic. Living biological tissues havénadequate ventilation of the tracheal system and an
a resting metabolic rate reflecting the costs of maintainingsufficient oxygen supply to the basalar muscle. This raises
cellular integrity. It is common in studies of muscle to subtracthe possibility that the efficiency measurements themselves
the resting metabolic rate from the elevated rate during activitphay have been influenced by a limitation in the oxygen supply.
when calculating the cost of muscle contraction. Stainsby et dF. there were developing oxygen starvation during bursts of
(1980), in a thoughtful review of problems associated withactivity, and if this did affect efficiency, one would expect the

Discussion
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efficiency to be different for long bursts of activity, during than that for oxygen consumption between rest and flight in
which oxygen starvation might become increasinglysphingid and saturnid moths (approximately 150-fold)
pronounced, than for short bursts of activity which shouldBartholomew and Casey, 1978) but substantially greater than
depend more on existing oxygen stores at the onset tfie relative increase in GQ@roduction between rest and flight
stimulation. The decline in power output during 30s bursts ofound in Drosophila (seven- to ninefold) (Dickinson and
activity was greater than that in the bracketing 10s contrdlighton, 1995; Lehmann and Dickinson, 1997).

trials, with the result that the mean power over the full 30 s was

less than the mean power averaged over the preceding and What is the fuel for flight?
following control trials (mean power for 30s bursts is The available evidence indicates that the flight muscles of
88.5+6.6 % of the average for the control trials, meaiE., insects are strictly aerobic; the mechanical power output of

N=14,P<0.001, two-tailed-test). Although the power dropped flight is supported solely by oxidative metabolism (Beenakkers
more in 30 s trials than in 10 s trials, possibly indicating greatest al., 1984). There is variation among different insects in the
oxygen insufficiency in the longer trials, the efficiency infuels consumed during flight. In some, the principal fuel used
the 10 and 30s trials was similar (Table 4). If there werdy the flight muscles is carbohydrate, in some lipid and in some
developing oxygen insufficiency in the longer trials, itamino acids (for reviews, see Beenakkers et al., 1984; Dudley,

apparently did not affect the muscle efficiency. 2000). The RQ determined for the basalar muscleCof
_ _ mutabilis(0.83) does not identify the fuel used by this muscle,
Metabolic scope of flight muscle but it does eliminate some possibilities. The muscle cannot be

A single basalar muscle makes up approximately 3.2% aklying solely on oxidation of carbohydrate (RQ=1) or solely
the mass of an intact beetle (Josephson et al., 2000a). Toe the burning of fat (RQ=0.71). It is likely that energy for
preparation placed into the chamber was a beetle without headork output by the flight muscle comes from the oxidative
elytra, wings, legs and a few other small parts. We weighedonversion of proline to alanine (RQ=0.8) or from the
three animals before and after they had been prepared foxidation of both proline and carbohydrate, as has been shown
recordings and found the average mass of the preparation totieebe the case in several other beetle species (Weeda et al.,
83.1% of that of the original animal (range 81.7-84.2%). AL979; Zebe and G&de, 1995; Auerswald and Gade, 1995).
single basalar muscle, then, represents approximately
3.2/0.831=3.9% of the mass of the preparation. Some of the Muscle metabolisrm vitro and in free flight
preparation is exoskeleton, which is likely to have a low Chappell (1984) measured the oxygen consumption of a
metabolic rate, and some is nerve tissue and Malpighiascarab beetle flying in a container. The beetle used by Chappell
tubules, which are likely to have relatively high metabolicwas described as beir@otinus texanabut, judging by the
rates. In the absence of good information on how best tdescription given of it and where it was collected, it is almost
partition the resting metabolism among the various tissues, weertainly the same species as the one we identifie@.as
will assume that the metabolic rate is the same for all tissuesutabilis The average oxygen consumption for the flying
and that a single basalar muscle contributes 3.9 % of the totbleetle was 61mHiglanimal. Assuming that all O
The resting rate of C£emission in the first experimental trial consumed was by the asynchronous flight muscles, and that
for the 25 animals used in this study averagedyil4mn2, of  the asynchronous flight muscles make up 19.3% of the total
which, assuming equal rates for all tissues, QI&in-1is the  body mass (Josephson et al., 2000a), the metabolic rate during
basalar’s share. The extra £dbove the resting level produced flight is equivalent to 5.3 ml@min—lg-tmuscle. The extra D
over the 8-10min following stimulation in these trials consumption due to 10s of activity in the semi-isolated
averaged 11.4l. The question is, to what time interval do we beetle muscle (Table 3) was 2.27 mi®in—1g-tmuscle, or
ascribe this C®emission in order to calculate a €€mission  approximately half that predicted from the metabolic rate of a
rate? Imagine that the muscle was stimulated continuously affiging beetle. Several factors probably contribute to the
that it produced work continuously at the same efficiency andeemingly lower rate of £<consumption in the semi-isolated
using fuel with the same RQ as during the 10s trial. The rat@uscle compared with that in a flying beetle.
of COz emission would be expected to rise until it reached a (i) The estimated value of£@onsumption by wing muscles
steady state during which G@mission just matched GO in a flying beetle is based on the assumption that all the
production. In any 10s period at steady state, an amount ofeasured @ consumption is attributable to asynchronous
COz would be released that was equal to that produced ifight muscles. This calculation will be an overestimate to the
association with doing 10s worth of work and, from theextent that tissues other than asynchronous wing muscle
assumptions made, this would be the same as that released ax@ntribute to the total £consumed.
several minutes during the trial with only 10s of stimulation. (i) For technical reasons, Chappell's (1984) measurements
Thus, we assert, the appropriate time interval to which tof Oz consumption during flight were from those animals,
assign the C@produced is that of the stimulation period, heresomewhat less than half of the total examined, that maintained
10s, and that the Crroduction rate by the stimulated muscle flight for 45s or more in the respiration chamber. The selection
is approximately 6l min~1, or approximately 120 times the criterion used for the animals in our study was only that they
resting rate. This value for metabolic scope is somewhat lessuld produce ascending flight. Chappell’s beetles may well
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have been more vigorous than ours, with greater metabol@alculated muscle efficiency (Casey, 1976, 1981; Casey et al.,
rates. 1992).

(i) The ambient air temperature was 25-31°C in Some recent studies are of note because they were
Chappell’'s measurements of , Gconsumption (Chappell, performed with insects in which the inertial power during flight
1984). On the basis of the relationship between ambientas less than the aerodynamic power, so the total power output
temperature and thoracic temperature that Chappell measuriedequal to the aerodynamic power whether or not there is
for flying animals, the flight muscle temperature in hiselastic storage. Wakeling and Ellington (1997) estimated the
measurements probably ranged from 35 to 38°C. Thugfficiency of flight muscle in a dragonfly and in a damselfly
Chappell’'s measurements were from muscles at a highéynchronous flight muscles) on the basis of flight performance
average temperature, and associated higher metabolic radéed metabolic energy input determined from the thoracic
than were ours, which were all examined at 35 °C. temperature excess above ambient maintained during flight.

Given that there are several sources of error in th&he calculated efficiency for the flight muscle of the dragonfly
calculation of flight muscle metabolism based orr O Sympetrum sanguineuwvas 12.6 % and that for the damselfly
consumption of flying beetles, some of which lead toCalopteryx splenden8.7%. Dickinson and Lighton (1995)
overestimation, we think that there is reasonable agreemetdlculated muscle efficiency in the fruitfrosophila hydei
between the metabolic rates of active muscle determined froend Lehman and Dickinson (1997)0n melanogasteon the
whole animal performance and from individual muscles. basis of flight performance and measured @@duction. The

efficiency was approximately 11 % in both species. In general,
Efficiency of synchronous and asynchronous muscles  values of flight muscle efficiency in insects, based on

Information about the efficiency of insect flight muscles ismetabolic power input and calculated mechanical power output
available from several studies in which oxygen consumptioduring flight, are substantially lower than the 20-50 % usually
was measured during hovering flight and mechanical poweneasured for vertebrate muscles (Woledge et al., 1985). The
output was estimated from flight performance. The mechanicaange of values for the efficiency of insect flight muscles based
power output during flight is conveniently divided into on flight performance is rather large, in part because of the
aerodynamic power, the power required to accelerate air taarying size and associated differences in the wingbeat
provide lift and thrust and to overcome drag on the body anfilequency of the animals examined, and published results
beating wings, and inertial power, the power required tallow no clear conclusions about the relative efficiencies of
accelerate the wings during the first half of the upstroke ansiynchronous and asynchronous muscles.
downstroke (Casey, 1981). Dickinson and Lighton (1995) An informative comparison of the performance of
pointed out that, if the inertial power is less than thesynchronous and asynchronous muscles is given by the results
aerodynamic power, the inertial power can be recoverediescribed above from an asynchronous muscle of a beetle and
converted to aerodynamic power, during the deceleratorthose published earlier (Josephson and Stevenson, 1991) from
phases of each wing cycle. In addition, inertial energy can b& synchronous flight muscle of the locuSthistocerca
stored elastically during wing deceleration and used tamericanaTable 5). In both studies, mechanical power output
accelerate the wing during the next half-cycle. Because aflas measured directly from a single muscle using the work
uncertainties about the extent to which inertial energy isoop approach, and metabolic power input was determined
recycled, two values are given in many studies for thérom the increased oxygen consumption above the resting level
efficiency of flight muscles, one calculated with theassociated with the power output. The beetle and the locust
assumption that there is complete storage of excess inertigkre of similar mass. The locust did have a substantially lower
energy and the other with the assumption that there is no elastitngbeat frequency, but this, if anything, should bias the
storage. Casey (1981) measured flight performance arefficiency in favor of the locust since there appears to be an
metabolic rates for a series of sphingid moths (synchronousverse relationship between wingbeat frequency and
flight muscles) of varying size. The mean muscle efficiencyefficiency in related insects (Casey, 1976; Casey et al., 1992).
calculated from data in table 3 of Casey (1981), is 5% (rang€he power output of the locust muscle in Table 5 is generally
2-8%) if it is assumed that there is perfect elastic storage asdnilar to that found with the same technique and at the same
17% (range 8-24%) if it is assumed that there is no elasttemperature in several other synchronous flight muscles
storage of inertial energy. In a number of bees and flieg8—75W kgl for metathoracic first tergocoxal muscles of the
(asynchronous flight muscles), the calculated mechanic&custs Schistocerca gregarieand S. nitens(Mizisin and
efficiency ranged from 4 to 16 % if there was perfect elastidosephson, 1987; Malamud et al., 1988); 76 W kay a flight
storage and from 8 to 34 % with no elastic storage (Casey amauscle from a tettigoniid (Josephson, 1985); 55 W Kgr a
Ellington, 1989; Casey et al., 1992; Ellington, 1984). Given thdlight muscle from the motiManduca sextgStevenson and
likelihood that there is at least some elastic storage in insedbsephson, 1990)]. The power output and the efficiency of the
flight systems (Ellington, 1985), the values calculated on thbeetle muscle are each 2-3 times greater than those of the
basis of perfect elastic storage may be the more realistic. lacust muscle. The sample size is small — one asynchronous
insects with synchronous and in those with asynchronous flightuscle and several synchronous ones for power output, one
muscles, there is a direct relationship between animal size aadynchronous and one synchronous muscle for efficiency — but
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Table 5.Power output and efficiency of asynchronous (beetle) This work was supported by NSF IBN9603187. We thank
and synchronous (locust) flight muscle T. Bradley for generously allowing us to use his oxygen
analyzer and J. Lighton for helpful suggestions on measuring

Beetle Locust
Cotinus mutabilis ~ Schistocerca americana 92S€S-

Animal mass (g) 1.2 1.5 (male), 3.0 (female)

Muscle Basalar Metathoracic tergosternal References

Test frequency (Hz) 60 20 Auerswald, L. and Gade, G(1995). Energy substrates for flight in the blister

o beetleDecopotoma lunatéMeloidae).J. Exp. Biol.198 1423-1431.
Temperature (°C) 35 30* Bartholomew, G. A. and Casey, T. M(1978). Oxygen consumption of moths
Maximum power 144 42 during rest, pre-flight warm-up and flight in relation to body size and wing
output (Wkg?) morphology.J. Exp. Biol 76, 11-25.

Efficiency (%) 14-16 6.4 Beenakkers, A. M. Th., Van der Horst, D. J. and Van Marrewuk,
W. J. A. (1984). Insect flight muscle metabolisimsect Biochem14,
243-260.

*Calculated from data in tab!e 1 of Josephson and SteVensct’fhsey, T. M.(1976). Flight energetics of sphinx moths: power input during
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