
Insect Science (2022) 29, 1361–1372, DOI 10.1111/1744-7917.13011

ORIGINAL ARTICLE

Metabolic cost of flight and aerobic efficiency in the rose
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Abstract Rose chafer beetles (Protetia cuprea) are pollinators as well as agricultural
pests, flying between flowers and trees while foraging for pollen and fruits. Calculating
the energy they expend on flying during foraging activity faces the challenge of measur-
ing the metabolic rate (MR) of free-flying insects in an open space. We overcame this
challenge by using the bolus injection of 13C Na-bicarbonate technique to measure their
metabolic energy expenditure while flying in a large flight arena. Concurrently, we tracked
the insects with high-speed cameras to extract their flight trajectory, from which we cal-
culated the mechanical power invested in flying for each flight bout. We found that the
chemical (metabolic) energy input converted to mechanical flight energy output at a mean
efficiency of 10.4% ± 5.2%, with a trend of increased efficiency in larger conspecifics
(efficiency scaled with body mass to the power of 1.4). The transition in the summer from
a diet of pollen to that of fruits may affect the energy budget available for foraging. Starved
P. cuprea, feeding on apples ad libitum, increased their body mass by an average of 6%
in 2 h. According to our calculations, such a meal can power a 630-m flight (assuming a
carbohydrate assimilation efficiency of 90%). Pollen, with a low water and carbohydrate
content but rich in proteins and lipids, has a higher caloric content and should assimilate
differently when converting food to flight fuel. The high cost of aerial locomotion is in-
herent to the foraging behavior of rose chafers, explaining their short flight bouts followed
by prolonged feeding activity.

Key words aerobic efficiency; bolus injection of 13C-Na-bicarbonate; feeding capacity;
flight metabolic rate; flower chafer beetle; free flight; mechanical power

Introduction

Locomotion incurs a substantial energetic cost and re-
quires high power output in flying animals (Butler, 2016).
To reduce the energetic cost of flight, birds have de-
veloped numerous behavioral strategies, such as flock
flight in “V-formation” (Weimerskirch et al., 2001), glid-

Correspondence: Gal Ribak and Eran Levin, School of Zo-
ology, Faculty of Life Sciences, Tel Aviv University; Stein-
hardt Museum of Natural History, Israel National Center
for Biodiversity Studies, Tel Aviv 6997801, Israel. Email:
gribak@tauex.ac.il and levineran1@tauex.tau.ac.il

ing and soaring on thermals (Pennycuick, 1972), uti-
lizing the shear flow of winds flowing over the ocean
(Sachs, 2004) and bounding flight (Rayner, 1985). In
insects, however, behavioral strategies to conserve en-
ergy during flight are less well known. While gliding has
been reported in specific taxa such as butterflies, drag-
onflies and locusts (Roffey, 1963; Gibo & Pallett, 1979;
Wakeling & Ellington, 1997), it is usually brief and
relatively inefficient (relatively high descent rate). The
majority of flying insects simply flap their wings contin-
uously at high frequencies. Consequently, insect flight is
one of the most metabolically demanding forms of lo-
comotion, with flight metabolic rate (MR) reaching up
to 100 times that of resting MR (Ellington, 1984). Since
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the cost of moving between food patches affects optimal
foraging (Pyke et al., 1977), the relatively high cost of
flight in insects should affect their foraging behavior and
energy budget. However, little is known about the actual
energetic cost in free-flying insects.

Filling in this gap in our knowledge is hindered due to
the structure of the insect’s tracheal system, in which oxy-
gen is delivered directly to the flight muscles (Weis-Fogh,
1964) through multiple tracheal openings (spiracles) dis-
persed along the insect’s body. Unlike birds and bats that
can be trained to fly wearing a mask covering their mouth
and nose, thus enabling the direct measurement of their
exhaled air, respirometry in insects requires monitoring
the changes in gas levels in the air volume surrounding
the insect. Consequently, flight MR measurement in fly-
ing insects is necessarily restricted to small flight cham-
bers, limiting the study of flight energetics to tethered
flight or hovering (Bartholomew & Casey, 1978; Chap-
pell & Morgan, 1987). This confinement results in flights
that do not truly represent the energy expended during
free-flight, in which the insect is free to move forward,
change flight speed and altitude, and maneuver. Hence,
technological limitations hinder the evaluation of the
metabolic cost of flight in free-ranging insects. Elling-
ton et al. (1990) circumvented some of these technical
challenges by measuring the MR of bumblebees flying
in a closed-loop wind tunnel. They showed that the bees’
flight MR remained constant when flight speeds changed
within a range between 0 and 4/ms. Their conclusion was
that flight MR does not vary with power output, unlike
that expected for the larger flying birds and bats.

The bolus injection of 13C Na-bicarbonate technique
(Speakman & Thomson, 1997; Hambly & Voigt, 2011)
was recently adjusted to measure the flight MR of free-
flying insects (Urca et al., 2021). By injecting beetles
with the labelled stable isotope 13C and monitoring the
appearance and depletion of the isotope in the CO2 emit-
ted from the beetles before and after the flight, it was pos-
sible to estimate flight MR indirectly, avoiding the need
for direct measurement of respiratory gases during flight.

Here, we applied the same technique to quantify the
metabolic cost of free-flight in the rose chafer beetle
(Protaetia cuprea Fabricius 1775; Scarabaeidae: Cetoni-
inae; Fig. 1). These beetles have a wide geographic distri-
bution in the western Palearctic (Vondráček et al., 2018).
They are diurnally active, fast and skillful flyers. In Is-
rael, the adults appear annually in early spring (April) and
are conspicuous while flying between flowers and feed-
ing on their pollen. Occasionally, larval development is
completed more quickly and a 2nd generation of adults
appears towards late summer (Tauzin & Rittner, 2012;
Vondráček et al., 2018), by which time the vegetation has

Fig. 1 Protaetia cuprea. (A) A rose chafer feeding on pollen
of wild fennel in central Israel. (B) Body dimensions.

dried and wildflowers are scarce. Consequently, the bee-
tles can then be found feeding and aggregating on ripe
fleshy fruits (Voigt et al., 2005, O. Rittner, pers. comm.).
The effect of this diet change on the energy budget and
foraging efficiency of the beetle has been poorly under-
stood to date.

To acquire a better understanding of the energetic cost
of foraging, we measured the MR of the beetles during
free-flight in a large (7.5 m3) arena. Restricting the flight
volume allowed us to optically track the beetles’ flight at
high spatial and temporal resolution, using 2 high-speed
cameras. We reconstructed their flight trajectories from
the films and used them to estimate the mechanical flight
power output. With both metabolic power and power out-
put known, we were able to evaluate the mean aerobic
efficiency (efficiency of converting metabolic energy to
mechanical energy). This value was then used to estimate
the cost of flight during a foraging trip and the expected
energy balance of the beetles when foraging on fruits.
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Materials and methods

Insects

Rose chafers (Protaetia cuprea, Fig. 1) were collected
from the vicinity of Tel Aviv University (central Israel)
during April–May 2021. The beetles were found feed-
ing mainly on flower pollen of the wild fennel, Foenicu-
lum vulgare, and on crown daisies, Glebionis coronaria.
The collected beetles were kept in 2-L containers lined
with moist paper towels and were fed apple slices ad
libitum. The containers were placed by a window in
a climate-controlled room (27 °C), providing a natu-
ral light : dark diurnal cycle. Because rose chafers are
sexually monomorphic (Meresman & Ribak, 2017), we
pooled males and females together in the study.

Feeding capacity

Nineteen of the beetles (body mass 0.41–1.17 g) were
individually housed in small containers (12 × 5 × 8 cm)
in order to estimate the maximal meal size in a feeding
bout. The beetles were weighed for initial body mass us-
ing an analytical balance (BOECO Germany, BBX 22,
readability: 1 × 10−5 g). They were then starved for 18 h
and re-weighed to determine weight loss. Finally, they
were allowed to feed on apples ad libitum for 4 h and
their weight gain was measured.

Morphometrics and allometry

In 21 of the beetles (body mass 0.75 ± 0.18) we mea-
sured body mass (M) to the nearest 0.1 mg using an an-
alytical scale, and used a caliper to measure total body
length (ll), maximal body width (lw) and maximal depth
(on the dorso-ventral axis, ld) to the nearest 1 mm (Figs. 1
and 2D). The 3 length measurements were log trans-
formed and plotted against log (M) to produce separate
allometric equations for the 3 body dimensions as a func-
tion of body mass. A separate allometric equation for
wing length as a function of body mass was obtained from
a different data set (n = 12), available as supplemental in-
formation in Meresman and Ribak (2017).

Free-flight experiment

Twelve beetles were flown indoors in a large
(2 × 1.5 m, height 2.5 m) flight arena constructed using
a frame of aluminum scaffolding covered with a white
tarp. A mercury mixed-light lamp (HWL; Osram) was
hung 1.5 m above ground in the center of the flight arena.
The light emitted from the lamp attracted the beetles to

remain in the center of the arena, where they were visible
to 2 high-speed cameras (Fig. 2C). Additional illumina-
tion was provided by the fluorescent light bulbs on the
ceiling of the room. The temperature in the arena was
kept at 27 °C. The beetles were introduced into the arena
individually. They either began to fly spontaneously or
were stimulated to fly by a gentle tapping on the elytra.
Flights began 20–120 s after introduction into the arena.
If a beetle landed, it was quickly picked up and stimulated
to resume flight by gently tossing it into the air. The accu-
mulated flight duration of each beetle in these flight bouts
was 15–39 s (mean ± SD: 30 ± 8 s per beetle, n = 12).
Such flight durations are long enough to estimate flight
MR using the bolus injection of the stable isotope 13C
technique (Urca et al., 2021).

The high-speed cameras (FASTCAM SA3_120K;
Photron) were fitted with 50-mm Nikkor lenses (Nikon)
and filmed the beetles at 125 frames/s (shutter duration
10 μs) against the white uniform background provided by
the tarp. The tarp was illuminated by 2 infra-red (850 nm)
floodlights. Each high-speed film recording lasted 40 s,
enabling capture of the entire flight bout of each beetle.

Metabolic rate measurement

Flight MR was measured using the bolus injection of
the stable isotope 13C technique, as described in Urca
et al. (2021). Briefly, the beetles were injected with a
dose of 5 μL 0.145 mol/L 13C Na-bicarbonate solution
for each gram of body mass and placed in an open flow
metabolic chamber. The depletion rate of 13C in the bee-
tle’s exhaled CO2 was measured with a G212-i isotope an-
alyzer (PICARRO) simultaneously with direct measure-
ment of CO2 emission rate. The correlation between the
13C depletion rate and V̇CO2 in the metabolic chamber
was used as a calibration curve to convert the depletion
rate (Kc) to V̇CO2 (Fig. 2B). The beetles were then re-
moved from the metabolic chamber and introduced into
the flight arena for flight trials. Following the trials, the
beetles were returned to the metabolic chamber and their
depletion rate of 13C at rest was measured again. A lin-
ear function was fitted to the log-transformed 13C deple-
tion rate and extrapolated forward to the beginning of the
flight bout and backwards to its end. The slope of a 3rd
fitted linear curve (Kc) to the newly extrapolated points
at the beginning and end of the flight bout was calculated
(Fig. 2A). This Kc of the flight period was then converted
into V̇CO2 using the calibration curve for P. cuprea de-
scribed above (see Urca et al., 2021, for additional de-
tails pertaining to the technique, measurement protocol,
calibration and validation).
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Fig. 2 Experimental procedure and set-up. (A) Three examples of δ13C measurements at rest before and after flight (full lines) used
to estimate 13C elimination during free flight in the arena. The decline in log-transformed δ13C, over time, measured before and
after flight, is fitted with a linear regression and extrapolated (broken lines) forward and backwards to the beginning and end of the
flight bout (shaded area). The slope between the extrapolated points (dotted lines) provides the elimination rate (Kc) during flight. (B)
The calibration between V̇CO2 measured directly and the logarithmic depletion rate (Kc) of 13C in the metabolic chamber over time
demonstrated a tight correlation with a linear equation of V̇ CO2 = 1.68 · Kc − 0.03 (r = 0.88, P < 0.001, n = 20). (C) Beetles flew
inside a 2 × 1.5 × 2.5 m (width × depth × height) flight arena around a light source at its center while being filmed by 2 horizontal
high-speed cameras. (D) The beetles’ flight path in the arena was tracked by digitizing the centroid of the body (red circle). The
definitions of body length, width and depth, measured with a caliper and used in the calculations for flight mechanical power, are also
provided.

Flight trajectories

The cameras were temporally synchronized via hard-
ware and spatially calibrated using the software Easy
Wand (Theriault et al., 2014), allowing us to track the 3D
position of each studied beetle from the 2 camera views.
Using DLTdv5 (Hedrick, 2008), we measured in each
film frame the position of the beetle at the body’s cen-

troid (Fig. 2D). The resulting X, Y, Z coordinates (where
Z is vertical) were then low-pass filtered at a cut-off fre-
quency of 10 Hz to remove random digitization errors.
This cut-off frequency is at least 2 fold higher than the di-
rection changes (maneuvering) rate of the beetles during
flight. The instantaneous (in each film frame) 3D flight
velocity (U ) was derived from the filtered body positions
as in Rayner and Aldridge (1985) and low-pass filtered
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Fig. 3 Flight paths of 4 beetles. The 3D flight paths (blue lines) were constructed from the digitized xyz coordinates (meters) of the
body’s centroid in each film frame. Occasionally, 1 of the beetles flew out of the field of view of 1 of the cameras and the missing data
points were completed by interpolation using cubic spline (orange lines).

again at 10 Hz to smooth the data prior to determining
the instantaneous flight acceleration (a) from the time
derivative of the velocity data. The beetles flew mostly
within camera view of the arena but occasionally exited
the field of view of 1 of the cameras. In such cases, the
missing data points were filled in by interpolation using
cubic spline (Fig. 3).

Calculation of power output from flight trajectories

The power output of the flying beetles was estimated
based on Pennycuick’s (1969) bird flight model, to which
we added the power needed to accelerate the body to ac-
count for changing velocity during the flight.

In each film frame, the instantaneous horizontal force
needed to explain the horizontal body acceleration (FHacc,
in Newton) was calculated as:

FHacc = m.ah, (1)

where ah is the time derivative of the horizontal speed

( Uh =
√

U 2
x + U 2

y ) in ms–2 and m is the virtual mass

(body mass + mass of air accelerated with the body)
of the beetles for movement along the longitudinal body
axis:

m = M + ρVCa, (2)
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M is the body mass of the beetle (in kg), ρ is air density
(1.2 kg/m3 at sea level and room temperature), V is the
volume of an ellipsoid (in m3) with the body dimensions
as diameters (Fig. 2D). Ca is the added mass coefficient,
which according to Lamb (1932) is 0.209 for a body of
revolution with a fineness ratio (length/diameter) of 2, as
in our beetles.

The power (in Watts) due to the horizontal acceleration
is then:

Pacc = FHacc Uh. (3)

The power due to vertical accelerations is explained in
the induced power (described below).

We added the mechanical power for steady flight at a
fixed speed and altitude (Psteady) to the acceleration (iner-
tial) power as proposed by Pennycuick (1969)

Psteady = Pind + Ppar + Ppro, (4)

but with a correction for the varying lift force needed to
explain the vertical accelerations of the beetle. Pind is the
induced power required to support body weight in air, Ppar

is the power due to the drag on the body and Ppro is the
power due to drag on the flapping wings (see Appendix).

The total mechanical flight power (Pmech) is calculated
as the sum of Pacc and Psteady:

Pmech = Psteady + Pacc. (5)

Pmech is an instantaneous value (calculated for each film
frame). Its average over the flight duration provided the
mean power output for a specific flight.

Aerobic power and efficiency

The MR measured using the 13C technique as mL
CO2·s–1 was converted to Watts using the equation:

Pmet (W ) = VCO2
(
mL.s−1

)

RQ
(16 + 5.164.RQ) , (6)

where the right-most parentheses in the equation present
the oxyjoule equivalent (joules per mL O2 intake) and RQ
the Respiration Quotient (ratio between CO2 emission
rate and O2 intake rate, RQ = V̇ CO2/V̇ O2) (Lighton,
2008). RQ depends on the substrate used as fuel and
may differ among species and vary during prolonged
flight. It typically ranges between 0.7 (lipids), 0.8 (pro-
tein) and 1.0 (carbohydrates), depending on the combina-
tion of metabolic fuels used at the time of measurement
(Lighton, 2008). For a different chafer beetle, the African
fruit beetle (Pachnoda sinuate), Auerswald et al. (1998)

measured an RQ of 0.9 during tethered flight. For lack
of specific data for P. cuprea in flight, we calculated MR
for flight using RQ = 1, 0.9 and 0.8. The aerobic effi-
ciency (ηaero) can then be calculated as the ratio between
mechanical power output and metabolic power input, that
is:

ηaero = Pmech

Pmet ( f light ) − Pmet (rest )
, (7)

where Pmet (rest ) is the resting MR measured in the
metabolic chamber prior to flight and Pmet ( f light ) is the
MR during flight.

Statistical analysis

All statistical analyses were performed on the data
following linearization using logarithmic transformation.
Results are described as means ± 1 SD.

Results

The body mass of the beetles measured to determine the
allometry of body dimensions ranged from 0.47 to 1.0 g
(mean: 0.75 ± 0.18 g, n = 21). The allometric relation-
ships are summarized in Table 1.

Following starvation for 18 h, beetles lost 7% ± 3% of
their body weight (n = 19). They then regained 6% ± 4%
of their body weight after 2 h of feeding on apples. During
the 2 subsequent hours of access to food they only gained
an additional 0.1% ± 2%.

The mean MR during flight, averaged from all the
beetles that flew in the experiment (n = 12, body
mass: 0.91 ± 0.23 g), was 313 ± 90, 339 ± 98 and
372 ± 108 mW, for RQ = 1, 0.9 and 0.8, respectively
(Table 2). The estimated V̇CO2 during flight did not cor-
relate with body mass (r = −0.09, P = 0.78, n = 12) and
body mass-specific V̇CO2 significantly decreased with
body mass (r = −0.76, P = 0.004) (Fig. 4A).

The log-transformed mechanical power (Pmech) had a
strong positive correlation with log body mass (Fig. 4B)
regardless of the value of the profile power used in the
model (1≤ k ≤3, see Appendix).

Neither flight MR nor Pmet (Pmet ( f light ) − Pmet (rest ))
correlated with the mean Pmech of the same flight
(r < 0.006, P = 0.99, n = 12 assuming k = 2 and
RQ = 0.9 for both). The aerobic efficiency (ηaero) in-
creased with body mass regardless of the combinations
of k = {1, 2, 3} and RQ = {0.8, 0.9, 1} used (r > 0.82,
P < 0.002 for all combinations), with higher k and RQ
resulting in higher aerobic efficiencies (Table 2), but

© 2022 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 29, 1361–1372



Flight and aerobic efficiency in Rose chafers 1367

Table 1 Allometric equations for maximal body length (ll ), width (lw) and depth (ld ) as a function of body mass (kg). The allometric
equations for wingspan (R) and frontal area (A, assuming an ellipsoid body shape) are also reported. The bottom row denotes the 95%
confidence interval (CI) for the exponents of each allometric equation.

ll (n = 21) lw (n = 21) ld (n = 21) R (n = 12) A (n = 21)

Allometric relationship 0.15 · M0.28 0.11 · M0.31 0.09 · M0.34 0.48 · M0.29 0.007 · M0.65

CI 0.23–0.33 0.24–0.38 0.27–0.41 0.21–0.36 0.52–0.78

r > 0.9, P < 0.001 for all relationships.

Table 2 Power and efficiency means ± SD calculated for vary-
ing K and RQ for the 12 measured flights.

Pmech (mW) Pmet (mW)

k mean ± SD RQ mean ± SD

1 22.47 ± 8.14 1.0 313 ± 90
2 32.90 ± 12.37 0.9 339 ± 98
3 43.59 ± 16.56 0.8 372 ± 108

ηaero%

RQ = 1 RQ = 0.9 RQ = 0.8

k = 1 7.7 ± 3.7 7.1 ± 3.4 6.5 ± 3.1
k = 2 11.3 ± 5.4 10.4 ± 5.2 9.5 ± 4.6
k = 3 14.9 ± 7.3 13.8 ± 6.8 12.6 ± 6.2

differing slopes for the relationship between ηaero and
body mass (Fig. 4C).

Discussion

Combining the 13C-bicarbonate bolus injection technique
with high-speed tracking of the free-flying beetles en-
abled us to measure the beetles’ energy expenditure and
flight efficiency. Such measurements have been previ-
ously limited to tethered flight or hovering flight in small
metabolic chambers (e.g. Bartholomew & Casey, 1978;
Darveau et al., 2014). In contrast, the flights reported
here were measured in a large arena that allowed the bee-
tles to independently alter their speed and elevation and
maneuver in the center of the arena in order to remain
close to an attractive cue. Unlike the studies noted above,
the use here of a confined space was in order to enable
optical tracking of the beetles using the cameras, and not
for the measurement of MR. Although still taking place
indoors, the measurement of metabolic energy expendi-
ture during free-flight in such a large volume of space
is a breakthrough towards the aim of performing similar
measurements outdoors during foraging flights.

Flight metabolic rate as a function of flight performance

While measuring the flight MR of bumblebees flying
inside a closed-loop wind tunnel, Ellington et al. (1990)
found that mass-specific MR remained relatively con-
stant despite a flight speed change from 0 to 4/ms. The
implications are that within that flight speed range, en-
ergy consumption increased with flight duration more
consistently than with flight distance. The mass-specific
MR of Ellington’s bumblebees (body mass 0.3–0.54 g)
varied between 43 and 72 ml O2·g–1·h–1, whereas our
studied beetles were larger (body mass 0.4–1.3 g) and
flew at an average speed of 1.62 ± 0.33/ms. They maneu-
vered, accelerated and changed altitude during flight and
also had a somewhat higher mean mass-specific MR of
70 ± 29 mL O2·g–1·h–1 (assuming RQ = 0.9). As in the
case of the bumblebees, our beetles’ MR did not correlate
with their mean flight performance (Pmech). The findings
from our study on the beetles therefore corroborate the
observation of Ellington et al. (1990) that estimating the
mechanical power in flying insects is much more com-
plex than the simplified equations used to predict power
output (based on bird flight). It is also possible that the
metabolic power may be relatively insensitive to a large
range of mechanical power outputs. In the latter case, the
lack of a linear relationship between power output and
MR can be interpreted as aerobic efficiency changing
with the power output (i.e. body size, flight speed and
altitude changes), thus buffering changes in flight MR.

Other studies using conventional respirometry on hov-
ering insects have measured mass-specific flight MR
similar to those found here. For example, 38–117 mL
O2·g–1·h–1 in Lepidoptera (Bartholomew & Casey, 1978),
66–154 mL O2·g–1·h–1 in Euglossine bees (Casey et al.,
1985) and 53 mL O2·g–1·h–1 in tachinid flies (an av-
erage reported by Chappell & Morgan, 1987). Since
these flight MR measurements are for hovering (flight
speed ≈ 0/ms), they also correspond to energy con-
sumption increasing with time rather than with distance
flown. The aerobic scope (flight MR/resting MR) re-
ported in those studies falls between 80–300 in the hov-
ering lepidoptera and 22–50 in the tachinid flies. The
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Fig. 4 Metabolic and mechanical data of free-flying P. cuprea.
(A) V̇CO2 (grey) of free flight showed no correlation with
body mass (r = −0.09, P = 0.78). Body mass-specific ˙VCO2

(black) showed a strong correlation with body mass (r = −0.76,
P = 0.004). (B) The total mechanical power of the 12 free-flying
beetles calculated as in Pennycuick (1969) for k = 1 (open cir-
cles), k = 2 (grey) and k = 3 (black) (r > 0.94, P < 0.001, for
all K). (C) The aerobic efficiency (ηaero) calculated for aerobic
power assuming RQ = 0.9 for k = 1 (white), k = 2 (grey) and
k = 3 (black) grew with body mass. The regressions fitted to
the log-transformed ηaero revealed a correlation with body mass
of 7.7 M1.38,11.2 M1.43 and 14.9M1.47 for k = 1, k = 2 and k = 3,
respectively.

aerobic scope of P. cuprea found here (24–76) places
these beetles’ MR somewhere in between these 2 insect
groups, although our resting MR measurement may have
been somewhat elevated due to stress associated with the
isotope injection.

Aerobic efficiency and body size

The bolus injection 13C Na-bicarbonate technique does
not provide an instantaneous measurement of MR but,
rather, the total CO2 exhaled during flight. It therefore
integrates the energy expended during the entire flight
bout and can only measure the mean metabolic power.
In contrast, the power output calculated from the flight
trajectory is an instantaneous measurement that changes
with the changes in flight speed, acceleration and eleva-
tion during flight. Using the mean MR and mean power
output, we determined the average aerobic efficiency. Be-
cause flight MR showed no relationship to body mass,
whereas power output increased with body mass, the aer-
obic efficiency (being the ratio between the 2) increased
with body mass to the power of 1.43 (for RQ = 0.9 and
k = 2) (Fig. 4C), implying that smaller beetles are less
efficient in converting metabolic energy to mechanical
energy. It should be noted that, at any given flight speed,
the bird flight model results in higher power output for
larger flyers. This is expected since the total power is
proportional to the sum of parasite power and induced
power and both increase with body mass. Parasite power
is proportional to the area of the flyer (mass2/3) and in-
duced power is proportional to the square of the body
mass divided by area (mass4/3, Equation (A1) in the Ap-
pendix). However, profile power depends on the flap-
ping kinematics and, if small and large flyers flap differ-
ently (e.g. flapping frequency) when flying at the same
speed, k may vary with body mass. If this is the case,
then using a fixed value for k in the bird flight model
may lead to a relationship between aerobic efficiency and
body as a side-effect of the violated model assumption
(of constant k). We could not test this option here, but a
previous work on tethered beetles (different species, Ba-
tocera rufomaculata) flying in a wind tunnel (Urca et al.,
2021) provides the necessary data to compare the Pmech

found here with the mechanical power output calculated
directly from the wing flapping kinematics (therefore, in-
cluding profile power). While both independent estimates
of mechanical power output increased significantly with
body mass, the relationship between them (propulsion ef-
ficiency, see also Urca et al., 2020) did not correlate with
body mass (r = 0.24, P = 0.22). Therefore, we find no
evidence for k varying with body mass and, consequently,
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the increased aerobic efficiency of larger beetles found
here seems to be a genuine result.

The mean aerobic efficiency of P. cuprea depends on
the k value used in the calculation of power output and
on the fuels (RQ) used to power flight. It ranges between
6.5% ± 3.2% (k = 1, RQ = 0.8) and 15% ± 7.6%
(k = 3, RQ = 1) (Table 2). Other studies on flying an-
imals have estimated aerobic efficiency to be 9% in in-
sects (Ellington, 1984) and 20%–30% in birds and bats
(Bernstein & Thomas, 1973; Thomas, 1975). In the above
studies on birds and bats, mechanical and metabolic pow-
ers were calculated and measured directly to estimate the
aerobic efficiency of each individual. In contrast, due
to the limitations of respirometry in studying free-flying
insects, Ellington’s (1984) estimation of efficiency was
based on mechanical and metabolic power estimates ob-
tained from separate sources. Our study provides corrob-
oration of the previously proposed low aerobic efficiency
values for flying insects. Our findings also provide new
insights into the relationship between aerobic efficiency
and intraspecific variation in body mass, suggesting that
larger conspecifics expend less metabolic energy in fly-
ing relative to their body mass.

Flight fuel and dietary needs

Since flight MR was fairly consistent across variation
in body mass (Fig. 4A) and flight performance of the bee-
tles, we sought to estimate the general cost of flight as a
function of time in the air, providing insight into the con-
straints on foraging behavior. With a mean flight duration
of 30 s and a mean flight speed of 1.62 m/s, the beetles
in our experiment flew a mean distance of 48.6 m. Us-
ing RQ = 0.9 for tethered flight in P. sinuate (Auerswald
et al., 1998), the metabolic power expended by P. cuprea
on flight in our experiment was 0.34 Watts or 0.081 cal/s.
This power translates to a caloric cost per meter of flight
of 0.05 cal/m. These calories are obtained from food,
whether pollen nectar or fruit. Therefore, a gross calcula-
tion for the conversion of food into flight is rational. For
example, assuming a high-carbohydrate assimilation effi-
ciency of approximately 90% in insects (Turunen, 1993),
P. cuprea feeding on fruit such as apples (∼15% carbo-
hydrates per 100 g wet mass, https://fdc.nal.usda.gov/)
would need to consume 4.53 mg (2.7 cal) to power up
the 50 m flight distance in our free-flight experiments.
This amount of food is equivalent to 0.5% of the bee-
tle’s mean wet mass (0.91 g). A similar calculation can
be performed for nectar if carbohydrate concentration
is known. Aerobic efficiency is highest when carbohy-
drates (RQ = 1) are used as a source of fuel and lowest

Table 3 General caloric value for the different food sources
(https://fdc.nal.usda.gov/) of rose chafers.

Food type Kcal/g Source/calculation

Fruits Wet mass
Apples 0.60 US Department of Agriculture
Grapes 0.69 US Department of Agriculture
Figs 0.74 US Department of Agriculture
Sucrose (nectar) 3.85 US Department of Agriculture
Pollen Dry mass
Crown daisy 5.89 Petanidou and Vokou (1990)

when lipids (RQ = 0.7) are used. This is because, for
the same amount of oxygen used, the metabolic power
calculation (in Watts) increases with lower RQ (Equation
(6), Table 3). Therefore, the flight distance per mg of food
should differ from that of nectar when rose chafers feed
on the crown daisy pollen (Glebionis coronaria), whose
caloric content is higher (Table 3), but which contains
mostly protein and lipids, with low amounts of water and
carbohydrates. Nonetheless, any such calculation is nec-
essarily very general and many adjustments, such as for
temperature, assimilation efficiency, age, sex and so forth
are needed to obtain precise estimates.

Our starved P. cuprea consumed apples equivalent to
–6% of their wet body weight within the span of 2 h.
From the above calculation, the energetic value of this
meal translates into an average flight distance of approxi-
mately 630 m. These relatively short flight distances em-
phasize the high metabolic cost of flight in P. cuprea, and
in insects in general. In the spring when flowers are com-
mon and fleshy fruits are scarce, rose chafers are mostly
seen feeding on pollen, while flying relatively short dis-
tances between flowers. During summer, when feeding on
high-carbohydrate fleshy fruits, longer commuting dis-
tances between trees are needed. These longer commutes
might be fueled by the high-carbohydrate content of the
fruits and lengthy feeding bouts on each fruit. A high-
carbohydrate diet may also support the antioxidant poten-
tial of the flight muscles of the beetle by shunting glucose
through the pentose phosphate pathway, allowing more
extended periods of aerobic performance (Levin et al.,
2017). While the bolus injection technique was used in
order to estimate flight distance and time, it could be fur-
ther applied to address additional questions related to in-
sect dispersal and invasions (McCue et al., 2020).

The ability to record flight MR simultaneously with the
measurement of mechanical power output has revealed
the high cost of commuting in foraging beetles, espe-
cially for those smaller conspecifics whose flight is less
energetically efficient. Our findings are instrumental in

© 2022 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese
Academy of Sciences., 29, 1361–1372

https://fdc.nal.usda.gov/
https://fdc.nal.usda.gov/


1370 T. Urca et al.

explaining the foraging behavior and energy budget of
flower chafer beetles, which perform short flights be-
tween long feeding sessions.
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Appendix

According to Pennycuick’s (1969) model, the induced
power (Pind ,) required to support the body weight of a fly-
ing animal in air can be written as:

Pind = (M.g)2

2ρSdUh
, (A1)

where g is the gravitational acceleration, and Sd is
the beetle’s wing-disc area calculated as a function of
wingspan (R):

Sd = 1

4
πR2, (A2)

R is taken as twice the wing length plus the thorax width
(lw), with the latter 2 determined by the allometric equa-
tions of wing length and lw as a function of body mass
(Table 1).

Since our beetles changed their altitude during flight,
we revised Equation (A1) to account for the actual lift
required to accelerate the body upwards and downwards:

Pind = [M. (g + az)]2

2ρSdUh
. (A3)

The parasite power (Ppar) is the power needed to over-
come drag on the body during forward flight. It is esti-
mated as:

Ppar = 1

2
ρACdUxyz

3, (A4)
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where Uxyz is the 3D velocity, and A and Cd are the body’s
frontal area and drag coefficient, respectively. The frontal
area of an ellipsoid with the body’s dimensions is taken
as:

A = π lw.ld
4

, (A5)

and Cd for a prolate body of revolution with a fineness
ratio (length/diameter) of 2 is taken as 0.42 based on data
in Hoerner (1965, specifically pp. 6–16).

The profile power (Ppro) required to overcome the drag
on the flapping wings is difficult to model even with a
detailed description of the flapping kinematics (Rayner,

1999). The common alternative is to use a simplified ap-
proach that models Ppro as a function of Pind and Ppar

(Pennycuick, 1969; Rayner, 1999). We used:

Ppro = k.
(
Pind + Ppar

)
, (A6)

with k = 2, as suggested by Pennycuick (1969)
for birds. A previous work showed that k = 2
gives reasonable results for the forward flight of
the mango stem borer beetle, Batocera rufomaculata
(Urca et al., 2020). Nevertheless, to remain conser-
vative we conducted a sensitivity analysis, examining
how values of 1≤ k ≤3 affect the mechanical power
estimates.
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