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Energetically costly behaviours, such as flight,
push physiological systems to their limits
requiring metabolic rates (MR) that are highly
elevated above the resting MR (RMR). Both
RMR and MR during exercise (e.g. flight or
running) in birds and mammals scale allometri-
cally, although there is little consensus about the
underlying mechanisms or the scaling relation-
ships themselves. Even less is known about the
allometric scaling of RMR and MR during
exercise in insects. We analysed data on the
resting and flight MR (FMR) of over 50 insect
species that fly to determine whether RMR and
FMR scale allometrically. RMR scaled with body
mass to the power of 0.66 (M"®), whereas FMR
scaled with M'!°, Further analysis suggested
that FMR scaled with two separate relationships;
insects weighing less than 10 mg had fourfold
lower FMR than predicted from the scaling of
FMR in insects weighing more than 10 mg,
although both groups scaled with M°%®, The
scaling exponents of RMR and FMR in insects
were not significantly different from those of
birds and mammals, suggesting that they might
be determined by similar factors. We argue that
low FMR in small insects suggests these insects
may be making considerable energy savings
during flight, which could be extremely import-
ant for the physiology and evolution of insect
flight.

Keywords: resting metabolic rate;
flight metabolic rate; insect; allometric scaling

1. INTRODUCTION

Insects were the first animals to evolve flight and they
remain unsurpassed in their manoeuvrability,
performing spectacular aerial acrobatics. Yet despite
their flight prowess, relatively little is understood
about the physiological basis of insect flight. The
demands on active metabolism during flight may be
particularly acute as flapping flight is an extremely
energetically expensive form of locomotion. Insect
flight muscles are among the most metabolically
active of tissues known (Dudley 2000). Within the
insects, there is considerable variation in flight per-
formance and many species are flightless. Insects are
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also extremely diverse in terms of their size and
shape, much more so than birds or mammals.

During exercise, such as flight, the metabolic rates
(MR) of animals are dominated by the activity of
skeletal muscles, whereas at rest their metabolic rate
is likely to be dominated by other tissues such as the
nervous system and excretory organs (Weibel 2002).
Therefore, during flight, insect metabolism is likely to
be dominated by the energy consumption of the flight
muscles. Although there is no current theory relating
metabolic rate at rest (RMR) to that during exercise
(Weibel er al. 2004), several studies on birds and
mammals have linked the two (Bishop 1999; Darveau
et al. 2002).

The RMR of insects is likely to scale allometri-
cally—that is, scale with some power of body mass
(Reinhold 1999; Addo-Bediako er al. 2002). Such
scaling has also been observed in arthropods (e.g.
chelicerates) as well as in vertebrates, including fishes,
birds and mammals (Bishop 1999; Lighton er al.
2001; White & Seymour 2003; Bokma 2004). In
these studies RMR correlated positively with body
mass, whereas mass-specific RMR (sRMR) correlated
negatively with body mass. Although few studies have
measured MR during exercise, studies of mammals
and birds (Taylor er al. 1981; Bishop 1999; Bundle
et al. 1999; Weibel er al. 2004) suggest that this also
correlates positively with body mass, whereas the
mass-specific MR (sMR) during exercise correlates
negatively with body mass. Since the majority of
insects are ectothermic at rest and have a relatively
small body mass, their RMR is likely to be extremely
low—much lower than that of birds and mammals.
During flight, the highly elevated MR of insects will
produce even higher sMR, which may have signifi-
cantly effects upon flight physiology.

The allometric scaling relationships reported in
birds and mammals, and even the underlying basis of
these relationships, remain controversial (Dodds ez al.
2001; Weibel 2001; Niven 2004). Several recent
studies have suggested that the scaling of RMR in
mammals may be linked to nutrient supply networks
(West et al. 1997). However, it is clear from studies of
allometric scaling in birds and mammals that current
theories explaining RMR scaling are unlikely to
explain the scaling of MR during exercise (Weibel
et al. 2004). The insect tracheal system may be
considered analogous to the supply networks in
mammals and birds. Therefore, examination of allo-
metric scaling relationships for RMR and metabolic
rate in flight (FMR) in insects may not only provide
insights into the evolution and adaptation of insect
metabolism for flight but also, more generally,
into interactions between RMR and MR during
exercise.

2. MATERIALS AND METHODS

See Electronic Appendix section A.

3. RESULTS

RMR of 61 insect species from seven orders were
obtained from published data, covering more than
three orders of magnitude in body mass (see Elec-
tronic Appendix section A). Insect RMR scaled
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Figure 1. Allometric scaling of resting (RMR) and flight metabolic rates (FMR) with insect body mass. Double-log plots of
body mass versus (@) RMR, (b) mass-specific RMR (sRMR), (¢) FMR and (d) mass-specific FMR (sFMR). Lines are least-
squares regression lines (a), (b) and ANCOVA lines for small (less than 10 mg) and large (greater than 10 mg) insects (c),

(d). Dashed lines indicate 95% confidence limits.

positively with body mass (figure la: RMR=
4.14M°°%; F, 50=544.9, p<0.0001; 95% CI of
exponent: 0.600, 0.713 and r2=0.90), whereas
sRMR scaled negatively with body mass (figure 1b:
sSRMR=4.14M 3% F, 5o=148.5, p<0.0001; 95%
CI: —0.343, —0.287 and #*=0.72). The negative
exponent indicated that an equivalent amount of tissue
is more energetically expensive in smaller insects.

We obtained FMR values for 56 insect species from
six orders from previously published data (see Elec-
tronic Appendix section A). Although measurements
were taken from hovering or flying insects, this is un-
likely to significantly affect the FMR, which is similar
over a range of moderate flight speeds (Ellington ez al.
1990). Both FMR and mass-specific FMR (sFMR) of
the entire dataset scaled positively with body mass
(FMR=35.08M"%", F,5,=1108, p<0.0001, 95%
CIL: 1.010, 1.138; sFMR=35.08M" %", F, 5,=5.22,
$»=0.026 and 95% CI: 0.009, 0.138), and body mass
explained much of the variation in FMR (**=0.95)
but little of the variation in sFMR (#**=0.09). Surpris-
ingly, the positive scaling exponent of sFMR
suggested that an equivalent amount of tissue was
more energetically expensive in larger insects.

This seems unlikely, as sMR at rest and during
exercise correlated negatively with body mass in
several other groups of animals (e.g. Taylor ez al. 1981;
Bishop 1999). Instead, the overall scaling relationships
of FMR and sFMR may be composed of several
separate allometric scaling relationships. Two distinct
clusters of points were clearly visible (figure 1¢,d),
suggesting that this might be the case. One cluster
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contained insects with small body mass (less than
10 mg), whereas the other contained larger species
(greater than 10 mg). We employed ANCOVAs to test
whether there were significant differences between
these two clusters in the exponent and intercept of the
scaling relationship. While the exponents of the power
law relationship for FMR and sFMR were not
significantly different for small and large insects
(F1,53=0.47, p=0.50 and F,53=0.47, p=0.50,
respectively), they had significantly different intercepts
(F1,50=15.18, p<0.0003 and F;5,=15.18,
$<0.0003; figure lc,d, respectively). The relationship
for large insects was FMR=129.94M°%", whereas
that for small insects was FMR=31.62M°%%" (95%
CI: 0.736, 0.983; *=0.96), suggesting that the FMR
of smaller insects was approximately fourfold lower
than predicted from larger insects (figure 1c¢). Like-
wise, the relationship for large insects was
sFMR=129.94M%!*  whereas that for small
insects was sSFMR=31.62M % (95% CI: —0.264,
—0.017; figure 1d). In contrast to the analyses of the
entire dataset, this suggests that within each group an
equivalent amount of tissue was more energetically
expensive in smaller insects and explained a greater
proportion of the variation (©*=0.29).

4. DISCUSSION

Two alternative theoretical relationships, M>* and
M?3, have been suggested to describe the allometric
scaling of RMR in mammals and birds (Rubner
1883; Kleiber 1932; Dodds et al. 2001),
with the three-quarter-power scaling proposed as
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a universal scaling law (West ez al. 1997). The scaling
exponent we obtained for insect RMR, 0.6610.03
(least-squares regression coefficientts.e.), was
significantly different from M** but not from M??
(-test on means: r=3.30, p=0.0016 and r=0.46,
p=0.65, respectively, and d.f.=59 for both). This
raises the possibility that, even if a three-quarter-
power relationship describes the allometric scaling of
RMR in mammals, it may not be a universal scaling
law. Our scaling relationship for RMR in insects is
closer to the two-third-power scaling originally
proposed by Rubner (1883); however, the 0.69+0.03
scaling exponent obtained by reduced major axis
regression lies between the two theoretical exponents
(see Electronic Appendix section A). Previous studies
using least-squares regression have obtained allo-
metric scaling relationships for teleost fishes (0.72;
Bokma 2004), birds and mammals (0.73; Bishop
1999) and mammals (0.74; Savage et al. 2004) whose
exponents are significantly different from the 0.66
exponent we obtained for insect RMR, although the
0.68 exponent for mammals obtained by White &
Seymour (2003) was not significantly different. The
consistent differences between the experimentally
observed and theoretical exponents raise the possi-
bility that a single relationship may not be sufficient
to describe metabolic scaling in animals.

Previous studies on insects, which assessed flying
and non-flying species separately, have also suggested
that RMR may not scale with M**4; RMR o M°7° for
flying insects and RMRo M8 or M%® for non-
flying insects (Lighton ez al. 2001; Addo-Bediako
et al. 2002). The exponent for flying insects obtained
by Addo-Bediako er al. (2002) was not significantly
different from the exponent obtained in this study,
whereas both exponents for non-flying insects were
significantly different. There may also be substantial
differences in RMR related to differing phylogeny
among insects. Comparative analysis by independent
contrasts may produce different scaling relationships
from those obtained without taking phylogeny into
account (Harvey & Pagel 1991). However, phyloge-
nies have not been established for many insect
species and the use of incorrect phylogenies may
produce erroneous allometric scaling relationships
(Symonds & Elgar 2002).

In our analyses of the entire dataset, FMR and
sFMR both correlated positively with body mass,
suggesting that an equivalent amount of tissue is
more expensive in larger insects. The scaling expo-
nents of FMR and sFMR (M°®°® and M %!,
respectively) after allowing for clusters of large and
small insects are different from those of RMR and
sRMR. Mammals and birds also show allometric
scaling of MR during exercise close to M°%° (e.g.
M®® in running mammals and M°®® in flying birds)
that is significantly larger than their RMR scaling
(Taylor er al. 1981; Bishop 1999; Weibel er al. 2004).
Although FMR is not necessarily equivalent to maxi-
mal MR in insects (Roberts ez al. 2004), this suggests
that MR during exercise scales allometrically in a
similar way in insects, birds and mammals.

The FMR intercept for large insects was approxi-
mately 32-fold higher than that of the same insects at
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rest, whereas for small insects it was approximately
eightfold higher. The reduction of both FMR and
sFMR of small insects relative to their predicted
values from larger insects suggests that they are
expending considerably less energy during flight.
Indeed, the fruitfly, Drosophila melanogaster, has
a similar sFMR to the desert locust, Schistocerca
gregaria, which weighs over 1000 times as much.
Although tethering may have artefactually reduced
the estimates of FMR and sFMR during experiments
in which flight force was not monitored, it is unlikely
to explain the low measurements in small insects
fully, unless its effects have been severely under-
estimated (see Electronic Appendix section B).

FMR is primarily determined by the contraction of
synchronous or asynchronous flight muscles; never-
theless, flight muscles constitute a relatively constant
proportion of body mass in insects (Greenewalt
1962). Moreover, flight muscle efficiency appears to
be independent of both insect size and muscle type
(synchronous or asynchronous; Lehmann 2001),
suggesting that the amount or efficiency of muscle
cannot account for the observed differences in FMR
between small and large insects.

The wing beat frequency may account for the low
FMR of small insects. The wing beat frequency of
Drosophilid flies is unusually slow in comparison with
their body mass (Greenewalt 1962), which may save
energy during flight. However, additional experiments
are necessary to further define the allometric scaling
of insect FMR before the precise mechanisms can be
addressed. While partitioning of the data reveals
differences in FMR scaling between small and large
insects, partitioning according to phylogeny may
reveal differences among insect orders that could
contribute to the scaling relationships outlined here.
Measurements of FMR from insects of between 10
and 100 mg are crucial to obtain a better estimate of
FMR scaling. In particular, there are almost no FMR
measurements for larger Dipterans, such as Musca
domestica, or small flying insects from orders other
than the Diptera. Such measurements will be essential
to understand the impact of allometric scaling of
FMR on the physiology and evolution of insect flight.
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