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Summary

Wingbeat frequency €w) and amplitude ©w) were  within 1Hz of the model values. One species, a small
measured for 23 species of Australian bat, representing molossid, also had a second mode of flight in whidly was
two sub-orders and six families. Maximum values were up to 3Hz lower for all flight speeds.
between 4 and 13 Hz forfy, and between 90 and 150 ° for The following relationship predicts wingbeat amplitude
6w, depending on the species. Wingbeat frequency for each to within +15° from flight speed and wing area Srer, m?)
species was found to vary only slightly with flight speed at all flight speeds:6,=56.92+5.1&+16.06l0ogoSreF. This
over the lower half of the speed range. At high speeds, equation is based on data up to and including speeds that
frequency is almost independent of velocity. Wingbeat require maximum wingbeat amplitude to be sustained.
frequency (Hz) depends on bat massn{ kg) and For most species, the maximum wingbeat amplitude was
flight speed §, ms1) according to the equation: 140°.
fw=5.54-3.068logom—2.857logoV. This simple relationship
applies to both sub-orders and to all six families of bats
studied. For 21 of the 23 species, the empirical values were Key words: bat, scaling, wingbeat, frequency, amplitude.

Introduction

Chiroptera cover both tropical and temperate regions andccur in tropical and temperate regions of Western Australia.
reach high latitudes. One of the main constraints on thelWe then propose a general model linking these variables to
geographical radiation is their energy balance. The daily cyclearious airframe attributes and flight speed.
of energy expenditure in bats is dominated by the cost of
foraging flight, which is a function of their aerodynamics and,
hence, their wingbeat frequency and amplitude across the
range of normal flight speeds. These data are only available Study animals
for a few species (Norberg et al., 1993; Aldridge, 1986; Van The 23 species of Australian bat assessed in this study are
Den Berg and Rayner, 1995; Britton et al., 1997; Carpentelisted below, together with authorities and synonyms in cited
1986; Norberg, 1976). To improve our understanding of bateferences. Table 1 gives morphological parameters and
energetics, a general model is required that is scaled toTable 2, foraging niche, climatic range and phylogeny, for
readily available parameter such as species mass and tleach species.
encompasses bats from an array of climatic zones and with aChalinolobus gouldii Grey; Chalinolobus morio Grey;
range of foraging strategies. Chalinolobus nigrogriseus Gould; Hipposideros ater

In mammals, the duration of a muscle’s contraction isTempleton; Macroderma gigas Dobson; Mormopterus
adapted to its function, and the contraction performance of th@anicepsPeters;Miniopterus schreibersiKuhl; Nyctophilus
muscle is affected by the resistance that it works againsttnhemensis Johnson; Nyctophilus geoffroyi Leach;
(Guyton and Hall, 1996). If there were gross variations in thé&lyctophilus gouldiTomes;Nyctophilus timoriensiseoffroy;
speed of operation of the muscles driving the wingbeat of baRteropus poliocephalusTemminck; Pteropus scapulatus
with different phylogenetic relationships, foraging strategies oPeters;Rhinonycteris aurantiussrey; Scotorepens balstoni
microhabitats, then we would expect the relationships betweérhomas;Saccolaimus flaviventrieters;Scotorepens greyii
wingbeat frequencyfy) and airframe variables (such as massGrey (previouslyNycticeius balstoni caprenu$roughton);
wing area and wing span) to be complex. Tadarida australis Grey; Taphozous georgianughomas;

In this study, we measure wingbeat frequency and amplitudeaphozous hilliKitchener; Vespadelus finlaysorKitchener,
across a range of flight speeds for 23 species representing &ihes and Caputi (previousliptesicus pumilis Gray);
families of insectivorous, frugivorous and carnivorous bats tha¥espadelus reguluiShomas.

Materials and methods
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Table 1.Primary flight performance parameters (mean values) for species included in the study

Wing loading,

Mass,m Wing span Wing area, Aspect ratio, weifht/F
Species N (kg) (m) SRer(m?) spai/Sker (Nm?
Chalinolobus gouldf 24 0.0134 0.3457 0.01788 6.70 7.35
Chalinolobus mori® 13 0.0070 0.2877 0.01351 6.14 5.08
Chalinolobus nigrogriselfs 1 0.0065 0.2780 0.01218 6.35 5.24
Hipposideros atetr 13 0.0044 0.2489 0.01061 5.84 4.07
Macroderma giga® 5 0.130 0.7590 0.09478 6.08 13.44
Miniopterus schreibersii 15 0.0101 0.3409 0.01674 6.94 5.91
Mormopterus planiceps 8 0.0086 0.2635 0.00959 7.25 8.69
Nyctophilus arnhemensis 1 0.0071 0.3014 0.01561 5.82 4.46
Nyctophilus geoffrogi 12 0.0057 0.2631 0.01222 5.68 4.74
Nyctophilus gouldi 17 0.0100 0.3046 0.01597 5.82 6.14
Nyctophilus timoriensig 12 0.0110 0.3219 0.01734 5.98 6.22
Nyctophilus timoriensig.® 8 0.0142 0.3495 0.02027 6.03 6.88
Pteropus poliocephal@s 1 0.700 1.338 0.2582 6.93 26.59
Pteropus scapulat@s 3 0.412 1.106 0.1650 7.41 24.50
Rhinonycteris aurantils 5 0.0086 0.3080 0.01507 6.29 5.60
Saccolaimus flaviventis 4 0.0462 0.5750 0.03945 8.38 11.49
Scotorepens balstchi 9 0.0080 0.2660 0.01130 6.27 6.95
Scotorepens greyi 5 0.0070 0.2500 0.01010 6.19 6.80
Tadarida australi8 9 0.0353 0.4625 0.02584 8.28 13.40
Taphozous georgiantis 11 0.0281 0.4637 0.02811 7.74 9.81
Taphozous hilfi 11 0.0241 0.4616 0.02736 7.79 8.64
Vespadelus finlaysdhi 2 0.0056 0.2549 0.01042 6.24 5.27
Vespadelus regul@s 13 0.0047 0.2335 0.00891 6.12 5.17

aBullen and McKenzie (2001FR. D. Bullen and N. L. McKenzie, unpublished d#&tdcKenzie et al. (1995afFullard et al. (1991)%his
study.

Although measurements are based on a single arfttebpus poliocephaluis included as an equivalent to the 7009 fruit bat studied by
Carpenter (1985).

Refer to Materials and methods for the explanation of the two different populatiNgstophilus timoriensis

Data for two different populations ofNyctophilus differences in the recording protocols of the two video
timoriensis(Ntg andNtsw) are presented and treated as separatetandards. It gives an effective frame rate of 48 framdes
species. The arid populatioNty inhabits the Coolgardie test points recorded with the DigiBeta camera. Limited data
woodlands and has a mean mass of 119, whereas the mesire also collected in an indoor observation chamber at high
population Ntsiw is endemic to the forests of southwesternframe rates using a cine camera running at 200 frathess

Western Australia and has a mean mass of 14.2g. (Photosonics; Burbank, CA, USA; model 61-1100).
. Flight speeds were measured continuously in all cases using
Data collection a hand-held K-band radar gun (model TS3, Municipal

Relevant aspects of species foraging ecologies and airfran#ectronics, UK, calibrated for a speed range of 1-28ns
measures were collected from existing literature. OnlyThese speeds were ‘called’ into a hand-held recorder and, if
publications using a consistent measurement technique weagplicable, into the audio feature of the video camera while
used. This measurement protocol, relevant formulae and emach test animal was being filmed. For each test, the angle
discussion of aerodynamic mechanisms and implications ateetween the gun’s line of sight to the bat and the bat’s line of
provided in Bullen and McKenzie (2001). Capture and releasight was estimated by the operator and ‘called’ into the
techniques were used to collect a library of video recordingsecorder. A cosine correction was applied to the measured
complete with flight speed measurements. Bat flight was filmeflight speeds to correct for this angle. Data corresponding to
using video cameras (Sony Video8 Professional CCD-V100Engles greater than 45° were ignored.
in VHS format and Sony digital Beta-cam model DVW- The mean angle of the wing between shoulder and tip, above
709WSP at a shutter speed of 1/250s), both running atr below the body axis reference dorsal plane, was estimated
24 framesst. Wingbeat frequency and amplitude values werewithin =5 ° for each frame in sequence. Note that this method
determined from a frame-by-frame playback. Note that thés different from that used by Pennycuick (1996) on birds.
Beta format video actually showed two clear images of the baennycuick (1996) estimated the angle created by the shoulder-
wing position when replayediia VHS because of the to-wrist joint line only. A bat's hand wings reaches higher
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Table 2.Foraging niche, climatic range and phylogeny for point was reviewed to obtain amplitude. The maximum and

species included in the study minimum amplitudes were then averaged and compared to give
Usual Bw values for each test point. Given that the test points were
Usual foraging all taken during periods approximating steady level flight,
foraging  Micro- peaks that were clearly out of phase with the sequence were
Species stratedy habitat Range Family ignored in this average (see Flg 1B) This method is expected
Chalinolobus gouldi ALS  BSIO2 Tr.Te.am V to give maximum and mwmurﬁw values shg_htly lower in
Chalinolobus morio Al BS/AL  Te,am Vv magnitude than those obtained from high frame rate
Chalinolobus nigrogriseus A8 BS/O2 Tr,m v (>100frames) cine cameras. Because of the impracticability
Hipposideros ater sl BS/A25 Tr, m H of extensive use of high-frame-rate cine in the majority of our
Macroderma gigas | st BS/IO*5 Tr,a,m Ma field experimental situations, this was not attempted, and low-
Miniopterus schreibersii Al BS/G%, AC® Tr,m \Y frame-rate video was used to maximise data collection. See
Mormopterus planiceps 11 ACt Te,a,m Mo discussion below of the effect of this procedure on the results.
Nyctophilus arnhemensis St 1S? Tr,m N Sub-adults, pregnant females and animals with damaged
Nyctophilus geoffroyi St®  BS/AIS'2 Tr, Te,a,m N wings, or that were visibly distressed or considered
Nyctophilus gouldi ~ S7 BS/A"SZ Te,m N significantly underweight, were excluded. The methods used
Nyctophilus timoriensis S; BS/A"S7 Te,a N did not result in injury to or the death of the bats tested.
Nyctophilus timoriensig, S BS/AIST Te,m N Four strategies were used to collect wingbeat data over a
Pteropus poliocephalus F AC Tr, Te, m P . . . . .
Pteropus scapulatus 5 ACS T m a = wide range of flight speeds. First, bats.vyere flown in a flight
Rhinonycteris aurantius Al BS/AL Tr.a,m H chamber to collect low-speed data. Individual adult bats were
Saccolaimus flaviventris  AL5 ACL3 Tr, a, m E released to fly around in a large, well-lit room (11 m long, 5m
Scotorepens balstoni Al BS/O Te, a Vv wide and 3.2m high). All species were able to maintain
Scotorepens greyi Al6  BS/?35 Tr,a,m \Y continuous level flight in this room. Althougflormopterus
Tadarida australis 11,5 OCt23 Tr,a;Te,m M planiceps, Chalinolobus gouldindTadarida australislid not
Taphozous georgianus ~ A® oc*3  Tram E achieve their typical in-field flight speeds (see Bullen and
Taphozous hilli A’ oc Tr,Te,a E McKenzie, 2001), they were flying 0.3-3mM $1-10 km hl)
Vespadelus finlaysoni  ALS  BS/At237 T, Te,a  V above their usual minimum steady level flight speed (R. D.
Vespadelus regulus Al BS/AL Te,a, m \Y

Bullen and N. L. McKenzie, unpublished data). Thus, they had
1Bullen and McKenzie (2001)2McKenzie and Start (1989); ° considerable margin of power for manoeuvring. The floor,
3McKenzie and Muir (2000)McKenzie et al. (1995afChurchil ceiling and wglls of the room were painted in shades of white
(1998);5Fenton (1982)this study. or cream, WhICh' contrasted with the brown anq black colours
A, air superiority; I, interceptor; S, surface; F, frugivore; OCyove Of the fur and wing membranes of the bats. This method gave
canopy; AC, above canopy; BS/O, beside stand in open; BS/A besi@cellent coverage of the lower speed range of the bats.
stand, against clutter; 1S, inside stand; Tr, tropical; Te, temperate; a, Second, free-air hand releases in daylight were used to collect
arid; m, mesic; E, Emballonuridae; H, Hipposideridae; Ma,mid- and high-speed data. The same video and speed measuring
Megadermatidae; Mo, Molossidae; P, Pteropodidae; Vequipment was used. The bats were prone to escape after release
Vespertilionidae (includes N, Nyctophilinae). by accelerating to high speed. Results were most readily
Macroderma gigass known to forage using both interceptodan  gptained when the released bat was filmed against bright,
surface strategies equally. _ monotonous backgrounds such as grass or sky. The initial
_Refer to Materials and methods for the explanation of the o, iy ot 5_35 while bats accelerated from rest to their normal
different populations dyctophilus timoriensis . . .
flight speed range, was excluded from data analysis. If, during
the test point, the speed of the bat varied marginally (typically
positional angles than its arm wing at the end of the stroke, $ess than +1n13), then the speed at the mid-point of the run
our method gives higher amplitude values. These were plottadas taken as the average value for that run. If the speed varied
against time (Fig. 1) and fitted with splines using Microsoftby more that +1 ntd then the run was broken into two or more
EXCEL. A minimum of three complete wingbeat cycles wastest points. All readings for a species were pooled.
required to calculate frequendy, and amplitudedw, reliably. Third, daytime free-flying data were collected from large
At 24 framess!, a family of lines can be fitted to the pteropodids as they commuted from roost to roost. Because of
sequences, differing in their frequencies by a factor of 3. Givetieir size, it was possible to film the bats in flight in full
that bats with a mass of less than 50g are known téwise  daylight and to record their speed. Again, cosine corrections
the range of 3-12Hz (Carpenter, 1985; Van Den Berg andere applied to the measured flight speeds, as described above,
Rayner, 1995), the curve with the lowégtwas used for all to account for the off line-of-sight measurement errors.
species because its frequency always fell within this range. Fourth, night-time free-flight data were also collected to
This also agrees with our own high frame rate data.flthe supplement the first two strategies and to check whether
information was then deduced directly from the time historiesdifferent wingbeat values were obtained in a natural situation.
The spline for each low frame rate (VHS at 24 framBstest  Echolocation recordings were taken from free-flying bats in
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situations while the foraging bat could be seen, line
flight estimated and speeds measured. An Anakt
ultrasound detector (Titley Electronics, Australia)
used with its output stored directly onto audiocas
tapes using a Sony Walkman Professional (WMD6C)
recorder. The species identity afidvalues were the
derived from the recorded call sequences using C
EDIT 2000 (Syntrillium Software, USA). The species
identified by reference to a library of reference calls,
the fw data were derived based on a direct correlatic
the wingbeat frequency with the echolocation call
(Lancaster et al., 1995). These sequences were not
and did not provide data .

Of the 23 species represented in this study
provided data over the flight speed range of 3—&h
that is the majority of their speed range. Seven sp
provided data over the range less than 8insvering
their low-speed range only, and five provided daf
speeds greater than 5m,swhich is their high-spee
range only. Despite having scant or incomplete data
these last two categories were included to assess w
the generalised scaling model applied to all types o

Thefw andBy data for each species were then plc
against flight speed (refer, for an example plot, to Fi
and the plots reviewed for a general pattern.

Maximum range speeWmr, was calculated and us
as a reference point for low-speed flight using a g
steady aerodynamic model that follows the metha
Pennycuick (1989). The calculated values are includ
Table 3.Vmode the ‘mode’ speed of the test data (Bu
and McKenzie, 2001) was estimated empirically fror
data to represent the divide between low and |
speed flight. Means and standard deviations fig
corresponding toVmr +#1.0ms?® were calculated ar
plotted against mass. A series of forward stepwise |
squares regression curves was tested agains
frequency and flight speed data (STATISTICA SoftS
A range of relevant morphological variables, incluc
mass, span and wing area, was assessed as indej
variables. Linear, polynomial and logarithmic vari¢
were assessed for explaining the variation. Statisti
significant relationships betwed, and the availabl
morphological variables were also sought.

Previously published wingbeat data for a numbe

60: A Chalinolobus gouldii V=2.64m s1
fw=120 Hz
40 L

Bw=33.8° —10° (cine)

6w (degrees)

o B 8
e
B

20l
B Tadarida augralis
Ory v N v v N Y

v=3.88ms?t

Ow (degrees)
o

fw=9.5Hz
Bw=+36° -31.7°
_401 1
m -N Y IN Y ’\II N IY 1 24’frlarT.]es S- 1 J
0 5 10 15 20 25 30 35
Frame number
C Ptepus sapulatus
V=778 ms! 6y=+338°-27.9°

fw=3.95Hz  24frames sl

Ow (degrees)

20
—40 | All peaks usedto average
—0g ~ 10 20 30 40 %0

Frame number

Fig. 1. Examples of wingbeat test point time histories. (A) A comparison of
three recording formats at different frame rates recorded at the same time.
The DigiBeta at 48framesk (diamonds) and VHS at 24framess
(triangles) sequences are offset from the cine recording at 200frdmess
(squares) for clarity. (B,C) Typical time histories of a large microbat (B) and
a megabat (C) at low frame rates. The solid line in each case is a typical
spline fit applied to the data. The broken lines in B are the author's
interpolation. In B, Y and N denote the peaks used and not used, respectively,
in the average amplitude range assessménflight speed;fw, wingbeat
frequencyBw, wingbeat amplitude.

other species are included for comparis@idolon
helvum (m=3159), high-speed cine data (Carper
1986); Hypsignathus monstross=260 g), high-spee
cine data (Carpenter, 1986)Myotis dasycnen
(m=20g9), stroboscopic flash data at 30Hz (Brittol
al., 1997); Noctilio leporinus (m=70g), synchronise
cameras at 20frames's (Schnitzler et al., 1994
Pipistrellus pipistrellugm=5 g), high-speed video at 2
framess! (Thomas et al., 1990); Pteropus
poliocephalus(m=700g), manual and high-speed ¢
data (Carpenter, 1985¢hinolophus ferrumequinufm=22g),  Rousettus aegyptiacugm=180 g),
stroboscopic flash data at 100 and 200 Hz (Aldridge, 1986)Carpenter, 1986).

high-speed cine data
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201 A Table 3.Flight speed values available for each species
Calculated Measured
15+ Vinr Vimode
_ . Species N n (ms™? (ms?Y
T I x X x x x X Chalinolobus gouldii >30 1118 4.2 6.7
e BB Chalinolobus morio >30 788 3.6 5.3
Chalinolobus nigrogriseus 7 41 3.6 5.3
51 Hipposideros ater >30 618 2.2 Insufficient
free air data*
0 . . . . . , Macroderma gigas >30 272 4.2 6.9
140. Miniopterus schreibersii  >30 49 4.2 5.8
B Mormopterus planiceps 17 512 4.2 8.1
120k {Accelerating fiight data Nyctophilus arnhemensis 4 337 25 Insufficient
° . ° 18 o o data
100} o . . Nyctoph?lus geoffrpyi >30 375 25 4.7
%‘ ------------------------------ o . Nyctoph!lus g_ould_l _ 7 256 3.1 5.3
o 8ot R Nyctophilus timoriensijs 10 248 2.8 5.6
2 om Nyctophilus timoriensigy 2 118 25 Insufficient
k) 60t o E o data
3 . 9, @ Pteropus poliocephalus 7 17 5.6 7.5
401 - ”nﬁ Pteropus scapulatus >30 236 5.6 7.8
o O of Rhinonycteris aurantius  >30 699 4.2 5.8
201 Saccolaimus flaviventris  >30 148 3.6 75
Scotorepens balstoni 10 399 3.6 6.1
00 5 2 6 8 10 12 Scotorepens greyi 27 137 4.2 5.8
vV (msY Tadarida australls_ >30 372 5.3 8.3
Taphozous georgianus 19 183 3.9 6.1
Fig. 2. Example of (A) wingbeat frequendy) and (B) amplitude  Taphozous hilli >30 301 3.6 5.3
(6w) data for one of the species included in the st@halinolobus  Vespadelus finlaysoni >30 1018 31 5.3
gouldii (mass 0.0134 kg). Note this figure includes high-amplitudeVespadelus regulus >30 677 3.6 5.0

data (boxed points in B) taken from test points during acceleratin
flight at low-flight speed, because we have included them in th Measured data are pooled across Western Australian regions.
derivation of the maximum amplitude results in Table 5. They arc Mode flight speed data were collected as described by Bulin an
not included in the derivation of the general amplituessusflight ~ McKenzie (2001).
speed V) relationship of Equation 4. In A, + symbols dyedata The Vmr values were estimated using a quasi-steady aerodynamic
from the observation chambexk symbols, free flightfy data; ~ model consistent with Pennycuick (1989).
crossedk symbols, hand-release test points. In B, squares are da N, number of specimens, number of observations.
from the observation chamber and diamonds are daylight hant *Majority of speeds were recorded inside the mouth of a roosting
release data. cave, biasing th€modeestimate.
Refer to Materials and methods for the explanation of the two
different populations oflyctophilus timoriensis

Results

Data on foraging ecology and airframe variables wert
available for Western Australian populations of 22 species ano all 11 speciefy increased with speed, although there was
for a southeastern Australian population ®&fteropus very wide scatter.
poliocephalus Morphological variables are listed in Table 1.
The foraging strategy, biogeographical and phylogenetic data Estimation of wingbeat frequency
for the species are given in Table 2 (terms are defined in Bullen A summary plot of the relationship at low flight speeds
and McKenzie, 2001). Table 3 provides calculateg and  betweerfy and massn) is presented in Fig. 3A. Thig values
measured/modeflight speeds for each species. correspond td/mr that is approximately midway through the
An example of théy and6y data forChalinolobus gouldii  flight-speed region that exhibits the distinct reductiorfyof
is given in Fig. 2 and a second exampleffgiMormopterus  The line of best fit fofw is also given. Fig. 3A shows good
planiceps is given in Fig. 6. For all 11 species assessed overorrelation betweefy at low speed and mass. The relationship
a wide range of flight speedy initially decreased with is convenient to use for estimatifigin bats at low speed and
increasing speed until a mid-range speed was reahthtbn  is given forV=Vmr by:
remained relatively constant until high speeds were achieved. _
This pattern can also be seen clearly in Figs 2A and 6. fw = 3.65 — 3.312logmm, (1)
Regarding amplitude, Fig. 2 also illustrates a pattern commawith r2=0.875,P<0.00001, +0.863 Hz (estimatexk.m.).
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At high flight speeds, mass was again a good pre! 5. A
of fw (Fig. 3B). Excluding the two outliers (discus:
below), the line of best fit fov>6 ms® was:

fw=2.40 — 3.444logm, (2)

with r2=0.905,P<0.00001, +1.04 Hz (estimatext.m.).

Provided bat mass is known, the wingbeat frequenc
any bat can be estimated at low or high flight spet
within £1.5Hz.

To improve the fidelity of the estimate and to pro
a general relationship across all speeds, we appl
multiple-parameter least-squares regression analysis
full data set and a range of morphological variables. L
fw, mand flight speed\), a linear model explained 65.C 0 . . .
of the variation P<0.00001,+1.24 Hz). Including spe 0.001 0.01 01 1
and area in this model improved the fit slightly
explain 73.0% of the variatiorP€0.00001,£1.09 Hz). A 15. B

Mp, highrange

fw=3.65-3.312logiom
r2=0.875

11 Ntsiv P<0.000L

=
o

Mp, low range ]
N

fw atVmr (Hz)

« This study
* Published data

)]

scatterplot ofyw versusflight speed suggested that mort _ fw=2.40-3.444 0g10m
the variation would be explained by using a non-li Mp, highrange 2-0 go5
model. We therefore evaluated polynomial and logaritl & P<0.000aL
fits. Including logom and logoV increased the? values t¢ 5 10¢
0.748. Including span and area did not significe g
improve the fit. Wingbeat frequency is then given ove ¢ }
full flight speed and mass ranges by: é 5 Mp, low range
@©
fw=5.54 — 3.068logm— 2.857logoV, 3 = « This study

r2=0.748,P<0.00001, estimated.e.m. +1.05Hz, F=545; + Published data
S.E.M. intercept=0.31 HzP<0.00001;s.E.M. logiom=0.11, 0 . . .
P<0.00001;s.E.M. log1oV=0.27,P<0.00001. 0.001 0.01 01 1

This model is presented in Fig. 4. Mass m (kg)

Equation 3 is presented in Fig. 5 f@halinolobus iy 3. summary of wingbeat frequendy)(data. (A) Low-speed data.
gouldii, for comparison with the data of Fig. 2. For each species, the mean valuesnt of the data at maximum range

The two outliers in Fig. 3B have high-spekd values velocity (Vmr) are presented. The linear regression curve may be used to
significantly below the line represented by this equation.  estimatefy at Vinr for all species. (B) High-speed data. For each species,
are Mormopterus planiceps(this study) and Noctilio the mean value sp. of the data\(>6 ms?) are presented. The linear
leporinus (Schnitzler et al., 1994), which hafg values regression curve may be used to estiniatior all species flying at high
corresponding to approximately 65% of the value pred SPeedsMp, Mormopterus planicepsNisw, the southwestern population
by Equation 2. Our empirical data btormopterus planicey of Nyctophilus timoriensiandNlI, Noctilio leporinus
are presented in Fig. 6. TMormopterus planicepsutlier is
a series of lowly points treated separately. The upper series ithe study are presented in Table 5 for each species. They are

Fig. 6 is accurately represented by the scaling equations. much higher than the extrapolations based on Equation 4. This
A summary of the data included in the study is given ins to be expected given that pectoral girdle anatomy clearly
Table 4. permits very highBy values to be used for extreme speeds
beyond our data set as well as during manoeuvres and periods
Estimation of wingbeat amplitude of high acceleration when extra power is required. For the

When variation in wingbeat amplitude was evaluated againseasons given in the legend to Fig. 2, low flight speed test
flight speed and morphological variables, flight sp@ddad  points at amplitudes approaching the maximum and minimum
wing area &er) explained most of the variation (Fig. 7A).  values were observed (typically +40 and —80 °), but were not
included in the derivation of Equation 4.

Bw=56.92 + 5.1¥ + 16.06l0g0SREF, 4)
r2=0.417, +14.86°, P<0.00001, f=104.73; sEM.
intercept=6.81P<0.00001;s.E.M. V=0.43,P<0.00001;S.E.M. Discussion
l0910SReF—=3.40,P<0.00001. We have derived a general model for calculating wingbeat
Equation 4 is presented in Fig. 5 fGhalinolobus gouldii  frequency and amplitude of bats in their usual speed range. The
for comparison with the data of Fig. 2. fw equations require only mass and flight speed to provide

The maximum and minimum values @f recorded during accurate estimates for a species. Hie equation is less
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Table 4.Summary of data included in this study

Wingbeat Wingbeat
Speed range frequency amplitude Coasting
Species (mh N n t c fv (Hz) Ow (degrees) observed
Chalinolobus gouldii 3.3-10.0 40 70 244 6.10 9.04+0.87 65.48+31.56 Yes
Chalinolobus morio 2.2-7.8 4 14 118 6.94 10.91+1.01 49.23+15.39 Yes
Chalinolobus nigrogriseus 5.6-9.4 4 4 35 8.75 11.27+0.84 56.67+15.28 Yes
Hipposideros ater 2.2-4.7 9 20 75 8.33 10.91+0.80 57.14+8.88 No
Macroderma gigas 2.8-8.1 1 8 60 6.67 6.96+0.71 83.75+£18.47 No
Miniopterus schreibersii 5.8-8.9 1 2 25 125 9.10+0.57 92.50+17.68 No
Mormopterus planiceps 2194 34 72 211 6.81 9.34+1.38 40.68+10.15 Yes
Nyctophilus arnhemensis 1.1-4.7 2 31 259 8.35 11.43+1.13 33.44+11.18 Yes
Nyctophilus geoffroyi 0.8-7.2 6 23 163 9.88 10.94+0.96 43.92+16.44 Yes
Nyctophilus gouldi 1.7-5.8 6 22 221 10.52 10.40+1.05 59.29+10.99 Yes
Nyctophilus timoriensis 1.4-6.7 4 17 224 13.93 10.56+0.59 48.80+18.74 TYes
Nyctophilus timoriensigy 1.7-2.5 2 10 150 15.0 11.08+0.34 47.50+5.40 Yes
Pteropus poliocephalus 3.1-8.6 3 15 21 7.0 3.40+0.88 86.67+12.58 No
Pteropus scapulatus 6.7-10.0 7 7 40 5.71 4.15+0.50 94.29+17.18 Yes
Rhinonycteris aurantius 2.5-7.2 5 13 156 9.18 9.76+0.55 70.77+14.12 Yes
Saccolaimus flaviventris 1.7-5.3 1 12 91 5.92 8.36+0.75 48.33+8.66 No
Scotorepens balstoni 3.3-5.0 1 9 64 10.69 11.31+0.67 35.00+8.29 No
Scotorepens greyi 6.7-8.3 7 7 80 13.0 11.59+1.01 60.00£18.26 Yes
Tadarida australis 3.6-13.5 14 23 154 9.6 8.19+1.08 90.74+27.70 No
Taphozous georgianus 2.5-4.2 1 5 44 8.8 8.00+1.89 71.00+7.42 No
Taphozous hilli 6.1-8.3 6 6 58 8.29 7.47+0.46 100.00+8.94 No
Vespadelus finlaysoni 4.7-8.1 12 12 88 6.77 10.68+1.11 58.18+9.82 No
Vespadelus regulus 1.4-6.9 7 14 145 10.52 10.75+£0.57 41.38+6.85 No

N, the number of individual animals tested for each spenjethie number of test points for each spediethe total number of wingbta
cycles recorded with amplitude datathe mean number of wingbeat cycles per test point.

Coasting refers to the observed use of intermittent periods of wing flapping during the video recordings.

"Nyctophilus timoriensighas also been observed using bounding flight at high speeds.

Values forfy and6y are means %.p.

Refer to Materials and methods for the explanation of the two different populatiNgstophilus timoriensis

accurate and requires flight speed and wing area. Thepeobably have downstroke and upstroke muscles composed of
equations apply to steady, level flight in the range of speedke fast fibre type (Guyton and Hall, 1996). In species fyith
given in Table 4, but exclude the high and low extremes of thealues down to 3Hz, it is possible that the slow fibre type
bat's speed range. They apply to bats from a wide range dbminates. This hypothesis is based on our observation that the
environments and with very different foraging strategies antarger bats with slow wingbeat frequencies are those that are
phylogenetic affiliations. known to travel long distanceBtéropus poliocephalysefer to
Strong family-level phylogenetic relationships are apparenChurchill, 1998; Saccolaimus flaviventrisrefer to Strahan,
in our results. Vespertilionidae are at one end of thd995;Tadarida australisrefer to Churchill, 1998) or migrate
relationship, Emballonuridae in the middle and Pteropodidaen an annual cycle. Further work is recommended to confirm
at the opposite end. Given the high selective pressures ¢ms suggestion.
morphological characters associated with modes of nutrition The variation offy with flight speed for these 23 species
and foraging, phylogeny in the absence of ecologically driveshows a two-stage characteristic that is reflected by the need for
aerodynamic function would be highly unlikely to producea logarithmic equation (e.g. Fig. 6). At low spedds;hanges
optimum aerodynamic functionality. The similarity in with flight speed, whereas at higher speeds it is nearly constant.
aerodynamic optimisations apparent in the various families dfhis is consistent with the rule that only a limited range of
bats presented here is consistent with the assumption that thngbeat frequencies are available to a species (Rayner, 1985)
model linking morphological variables to flight speed ando provide the endurance required for long sustained flights.
wingbeat kinematics is functionally based, rather than aimitially, fw decreases as flight speed increases, until cruising
aerodynamically trivial artefact of phylogenetic relationshipsspeed ranges are reached (see mode speed data in Table 3). The
(Felsenstein, 1982; McKenzie et al., 1995b). reduction is small, approximately 2Hz. At and above cruising
The pooled species data included in this study $haxlues  speedfw appears to remain almost constant until the bats reach
ranging from 3 to 12Hz. Species witl values up to 12Hz their extreme high speed (e.g. Figs 2 and 6). In contrast to bats,
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bird flight is more variable. Some birds show no change witl
speed (Tobalske and Dial, 1996), others show a more-or-le
linear relationship with speed (Tobalske, 1995) and still other

show aU-shaped relationship, with an initial fall fiz with
increasing speed followed by an increasé,cdit even higher

speeds (Bruderer et al., 2001; Park et al., 2001). The two-sta
relationship in bats differs from published bird data. This almos A
constant relationship betweé&pnand flight speed at high speed 0 , , , ,
in the bats we have assessed may be due to use of their m 0 2 4 6 8 10

—2.5 2.0 -15 -1.0 0.5 0

logiom

Fig. 4. (A) Plot of the three-dimensional surface represented by the
frequency fw, solid line) versuslogiom (in kg) versuslogioV (in
ms1) model given by Equation 3. (B) Surface edge looking in the
direction of decreasing flight speed. (C) Surface edge looking in the
direction of increasing mass.
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efficient muscle contraction frequency in the flight speed regio V(ms?

of rapidly increasing ‘opposing loading’ and, therefore

'Fig. 5. Proposed model for wingbeat frequeny éolid line) and

metabolic power requirement. The opposing loading applied tympjitude @y, broken line) variation with mass and flight spee (

the muscles is due to the rapidly increasing drag airloads.

For clarity and for direct comparison with the data in Fig. 2, the

For low-speedw data, the model predicts a value that liesmodel for Chalinolobus gouldiiof mass i) 0.0134kg is presented.
in the centre of the scatter of the available empirical data fcSkeris wing area in
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Fig. 6. Wingbeat frequencyfy) data for Mormopterus
planiceps Equation 3 describing the general relationship
betweerfy, mass if)) and flight speed\) is superimposed
over the data, showing the accurate prediction of the
higher frequency range used by the bat. For this species, a
lower fw range, approximately 3Hz below the Equation 3
estimate, is also used by the bat. This is the only species
observed to use two different frequency ranges.
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Fig. 7. (A) Plot of the three-dimensional surface represented by t
wingbeat amplitude &) versusflight speed V) versuslogioSrer
(inm?) model given by Equation 4. (B) Surface edge looking in the

direction of decreasing flight speed.
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19 species (Fig. 3A). In fact, empirical values are within 1Hz
(approximately 1s.p.) of the fitted model across the speed
range. Three of the remaining species show a bias when the
model is compared with the datddrmopterus planiceps,
Noctilio leporinusandNyctophilus timoriensig,). The model
underestimatedy data for Nyctophilus timoriensigy (this
study) and overestimatésoctilio leporinus(Schnitzler et al.,
1994) by approximately 1Hz. However, our data on
Nyctophilus timoriensigy are scant and the apparent bias may
disappear with more data. The model overestimates the
frequency data for the ‘low range’ dformopterus planiceps
(referred to as ‘outliers’ in the results). For high-speedata,

the model predicts the empirical data for 18 of 19 species,
including the highw range oMormopterus planicepd he low

fw range of Mormopterus planicepsind Noctilio leporinus
(Schnitzler et al., 1994) are substantially overestimated. In both
h%pecies, empirical wingbeat frequencies are approximately
65 % of the value predicted by the model.

Mormopterus planicepsvas uniqgue among the 23 species
direction of decreasing area. (C) Surface edge looking in th@ssessed during this study. The empirfigalata are arrayed in

two parallel series across the full flight speed range (Fig. 6). The
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Table 5 Maximum and minimum values of wingbeat amplitude for the species included in the study

Amplitude (degrees)

Minimum Minimum, Maximum Maximum Maximum First to 99th

Species recorded first percentile recorded 99th percentile range percentile range
Chalinolobus gouldii 90 -90 60 50 150 140.0
Chalinolobus morio 90 -80 50 45 140 125.0
Chalinolobus nigrogriseus 80 -80 65 63.2 145 143.2
Hipposideros ater 60 -51.3 55 50 115 101.3
Macroderma gigas 65 —65 60 60 125 125
Miniopterus schreibersii 0 -70 60 60 130 130
Mormopterus planiceps 65 -50 60 50 125 100
Nyctophilus arnhemensis 66 -40 50 41.5 110 81.5
Nyctophilus geoffroyi 85 -83.1 65 56.8 150 139.9
Nyctophilus gouldi 70 —60 50 50 125 110
Nyctophilus timoriensig -80 -72.7 50 46.5 130 119.2
Nyctophilus timoriensigy —45 —-40 50 50 95 90
Pteropus poliocephalus 80 -80 55 54 135 134
Pteropus scapulatus 80 -80 70 68.1 150 148.1
Rhinonycteris aurantius 60 —60 50 50 110 110
Saccolaimus flaviventris 60 —60 50 50 110 110
Scotorepens balstoni 60 -50.7 50 50 110 100.7
Scotorepens greyi 80 -73.7 55 51.7 135 125.4
Tadarida australis 90 -82.7 60 60 150 142.7
Taphozous georgianus 66 -57.9 60 60 120 117.9
Taphozous hilli 85 -82 55 55 140 137.0
Vespadelus finlaysoni 80 -80 50 45.7 130 125.7
Vespadelus regulus 60 -55 50 47.3 110 102.3

Data are pooled from all Western Australian regions.
Data presented are the absolute maximum and minimum values observed together with the first and 99th percentile values.

Note that the number of wingbeat cycles is given in Table 4.

Refer to Materials and methods for the explanation of the two different populatiNgstophilus timoriensis

Observedbat highspeedfy (Hz)

Fig. 8. Comparison of bat wingbeat frequenéy) (data with bird
kinematics. For each bat species included in this study, the obseerrd
high-speedy is plotted against &y value calculated using the model
applicable to birds from Pennycuick (1996). The values of the bat
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model predicted the main (higher) frequency series. The other
series averaged 3 Hz lower and, provided that it is not a sampling
artifact, would reduce the resultant airspeed past the wing during
the down- and upstroke. Preliminary calculations indicate a
consequent reduction in the profile power fraction of the wing of
approximately 4% and in the inertial power fraction of 67 %.
Preliminary dissections by the authors also revealed that
Mormopterus planicefdsas a very low flight muscle mass to total
mass fraction of wing down-stroke and up-stroke muscle
groups (Vaughan, 1970; Hermanson and Altenbach, 1985),
approximately 7.5% of total mass compared with a more typical
range of approximately 9-11% for similar insectivores. Taken
together, these observations suggest a particular optimisation of
this tiny interceptor, in which the uppé&y series is used for
acceleration to speed and for manoeuvring to intercept prey,
while the lowerfy range is used for efficient cruising/commuting.
By comparison with birds, bats have a 50 % higher wingbeat
equency for a given size range. Pennycuick (1996) gives a

model for bird frequency based upon mass, wing span and

mass, span and wing area from Table 1 are used for the calculaté¢nd area. This model is compared with our high-speed bat
frequency. The upper bold line represents a regression showing ti#ta in Fig. 8.

bat fw is 50% higher than birdly of similar morphological values.
The lower thin line gives a hypothetical line of equivalence.

We had empirical data ofw for 24 species (including
Rhinolophus ferrumequinurfAldridge, 1986)). No species
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departed substantially from the general model given b
Equation 4. However, unlikky, all species showed a high level
of scatter (+20 °) in the raw amplitude data (e.g. Fig. 2), forming
effectively two blocks that represent the low- and high-spee
experimental data collection strategies (see Fig. 2). The bs
were studied in free flight at all times, during which climbing,
descending, accelerating and decelerating flight would requi
differences in lift, drag and thrust. It is possible for the bat tc
generate lift and thrust by changing the mean wingbeat ang
of attack @), the average airspeed over the wi(\dsing), the
wingbeat frequency and/or amplitude. At low angles of attack
lift is directly proportional to the product of andVuwing?. For
level flight, when lift exactly equals weight, the bat must chang
the flow velocity over its wings by changing forward spégd,
and/or By if it changes its mean wing during the stroke,
otherwise, it will climb or descend. In addition, to increase
speed in level flight, the bat must generate more thrust by usii
highera, fw and/orby to offset the increasing drag. Given that
we have shown thé is relatively constant across the full speed
range of batsp must decrease as flight speed increases (fc
constant or increasirlyy) otherwise the bat will generate excess
lift and climb. To this end, wingbeat amplitude must increas:
to generate the increased thrust, resulting in an even high
mean Vwing value and an even lower mean value cof
Equation 4 therefore represents the steady level-flight wingbe
amplitude independent of the experimental context in which th
data were collected. Note that the previous study (Aldridge
1986) published data o@w of bats over a narrow range of
speeds (2.7-4.8m% using a flight tunnel. These data fall
within the predictions of our equation.

The difference between data recorded at 24framess
compared with higher frame rates is given in Table 6 and ce
be seenin Fig. 1. At high wingbeat frequencies (>9.5 Hz), VH¢
video camera or a cine camera with 24 framéaad a slow
shutter speed give an accurate representation of the extreme
the wing positional angle, because they occur at a repetitic
rate that ensures a high probability of the extrema coincidin
with the relatively long open shutter/scan time period. Thes
extrema are then used as the frafiye value. Similarly,
24framesst is sufficient to capture relatively slowly moving
wings at lowfw (<7 Hz) within 5° of its maximum position
(see Fig. 1C). There is, however, a range of wing frequencie
(approximately 7-9.5Hz) used by bats of 20-50¢g to whicl
neither of these situations applies. For these bats, care must
taken to use only the 24frame$ frame images that clearly
show a significant variation in angle from frame to frame.
Frames that do not fit this criterion should not be included il
averagingdw values for the test point. This effect is apparent
in theTadarida australiglata of Table 6, which underestimate
actual amplitude by 10-20 °. Underestimation occurred in fou
of our batsTaphozous hilli, Taphozous georgianus, Tadarida
australisandSaccolaimus. flaviventri€ven so, this bias is of
the same order as the overall scatter in the data collected,
the data for these species have therefore been included in 1
overall regression analysis. Fig. 7C shows that including thes
data has little effect on the regression result. Data from Fig. 1.
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Table 6.Comparison of wingbeat amplitudes derived at different frame rates for three species flying at low speeds in the obsenlzion cha
Flight speed

There is good correlation between amplitude values derived at high wingbeat frequencies (>9.5Hz). The mid-range repr@séagdh bgustralisshows that frame rate

significantly faster than 48 framedsire required to capture the full range and maxima used by the bat.

Chalinolobus gouldii
Chalinolobus gouldii
Tadarida australis

Species

Vespadelus regulus
Tadarida australis
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