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Summary

Sixteen species of birds passing Falsterbo in southwest 200m and may not represent birds that were seriously
Sweden during the autumn migration season were committed to long-distance migration.
observed using short-range optical methods. Air speeds  The benchmark wingbeat frequency fief) was derived
and wingbeat frequencies were measured, reduced to sea from dimensional reasoning, not from statistical analysis
level, and compared with benchmark values computed by of observations. Observed wingbeat frequencies ranged
Flight.bas, a published flight performance program based from 0.81fref to 1.05ref, except in the two bounding
on flight mechanics. The benchmark for air speed was the species, whose wingbeat frequencies appeared
calculated sea-level value of the minimum power speed anomalously high. However, the mechanics of bounding
(Vmp). The mean speeds of three raptor species that flew with a power fraction g imply that gravity during the
by flap-gliding were below Vmp, apparently because the flapping phase is increased by a factor 4/ and when the
flap-glide cycle involved slowing down belowmp when  value of gravity was so adjusted in the expression fdter,
gliding and accelerating back up toVmp when flapping.  the wingbeat frequencies of the two bounding species were
The mean speeds of 11 species that flew by continuous predicted correctly as a function of the power fraction. In
flapping were between 0.8Zmp and 1.28mp. Two  small birds with more muscle power than is required to fly
passerine species that flew by bounding had mean speedsat speeds nearVmp, bounding is an effective method of
of 1.70vVmp and 1.96/mp, but these high mean speeds adjusting the specific work in the muscle fibres, allowing
reflected their ability to fly faster against head winds. conversion efficiency to be maximised over a wide range of
These results do not support predictions from optimal speeds.
migration theory, which suggest that migrating birds
‘should’ fly faster, relative to Vmp. However, observations
were restricted for technical reasons to birds flying below Key words: flight, bird, migration, wingbeat frequency, benchmark.

Introduction

Optimal air speeds often doubtful. Even when accurate data are available for body

Hedenstrom and Alerstam (Hedenstrom and Alerstammass and wing measurements, as in the case of a bird flying in
1995) argued that different optimal air speeds can be identifiead wind tunnel, the exact shape of the power curve at high
for a migrating bird depending on whether the ‘currency’ thaspeeds is poorly known. Recognising that this is critical for
the bird is trying to maximise is distance per unit fuel energestimating optimum speeds, Alerstam (Alerstam, 2000)
used, average speed over one or several flight stages awgested a way in which the power curve might be modified
stopovers, or various other possibilities. On the other handp cover higher speeds, but more experimental evidence is
Alerstam and Hedenstrom (Alerstam and Hedenstrom, 1998keded before a revised model could be used with confidence.
conceded that it is difficult in practice to determine whether a
migrating bird is attempting to maximise one currency rather Calculated benchmarks
than another, by comparing the observed speed with alternativeThe objective of the present project is to establish physical
theoretical optimal speeds. Not the least of the difficulties i®9oenchmarks’ against which the performance of wild birds can
that, to estimate the theoretical speeds, a curve of p@sgus be measured, without any hypothesis as to the expected values
speed must first be calculated for the bird. This requires sona which birds ‘should’ fly. The basis for calculating the
morphological data, which are never available for eactbenchmarks, including assumptions made and values currently
individual bird observed in the field. Species means can bessumed for variables, is the Basic program Flight.bas, which
used but, in the case of radar observations, even the speciessipublished on the internet (http://detritus.inhs.uiuc.edu/wes/
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pennycuick.html) and runs under QBasic. Flight.bas is baseghere S is the wing area as defined by Pennycuick
on flight mechanics (not statistics) and implements the physic@Pennycuick, 1999). Like the value ¥p calculated from
model described by Pennycuick (Pennycuick, 1975gquation 1fref is an equivalent sea-level value because it is
Pennycuick, 1989), which is itself adapted from classicabased on the sea-level air denspg.]. Like equation 1, this
aeronautics. Where experimental results do not agree with tiermula contains physical variables only. It was derived by
program’s predictions, Flight.bas allows the source of thé&ennycuick (Pennycuick, 1990) from dimensional reasoning,
discrepancy to be traced, so as to amend the values assuraed modified by Pennycuick (Pennycuick, 1996a) in the light
for variables that cannot be measured directly. For examplef field observations of wingbeat frequencies.
Pennycuick et al. (Pennycuick et al., 1996b) showed that the
minimum power speed/fp) can be inferred empirically from Requirements for field data
measurements of wingbeat frequency in birds flying in a low- To obtain field data for comparison with the benchmarks,
turbulence wind tunnel, and they used this as a check on tlestream of migrating birds is required, each one of which
value of Vmp predicted by Flight.bas. The measured andcan be identified to a species for which measurements of
calculated values ofmp agreed in two very different birds, a body mass, wing span and wing area are available. This
thrush-nightingale L{uscinia luscinia Turdidae) and a teal requirement restricts observation to sites and seasons where
(Anas creccaAnatidae), when the body drag coeffici@n,  the topography causes a migration stream to concentrate
was set to 0.08, but the program under-estim&ggilwhen  and where migrants are flying low enough for visual
early, much higher, estimates were used @y, These identification. This, unfortunately, loses the advantage of
anomalously high values, ranging from 0.25 to 0.40, weréracking-radar observations, in which high-flying birds that
obtained by measuring the drag of frozen, wingless bird bodiese definitely committed to long-distance flight can be
and were already known to be due to massive flow separatioohserved. By observing only low-level flight, it is difficult to
which does not appear to occur in living birds. This observatiobe sure which birds are on their way to some distant
increases the confidence with which calculated valudgnpf destination and which are foraging locally or pausing in the
can be used for comparison with speeds observed in the fiektudy areaen routeto somewhere else. By selecting an area
Using too high a value fo€pp causes the minimum power known to be a concentration point for migration, it is to be
speed to be underestimated and creates the illusion that wildped that at least some of the birds observed were migrating,
birds fly at a higher multiple 0fmp than they actually do. which was not the case in earlier projects using similar
methods (Pennycuick, 1990; Pennycuick, 1996a). Besides
Selected benchmarks for air speed and wingbeat frequencyallowing every bird to be visually identified, short-range,
Vmp Was selected as the benchmark air speed, not becausgtical methods of observation have the important advantage
any bird is expected to fly at this speed when migrating, buhat the wind can be measured immediately after each
because it is the only speed on the power curve for whicbbservation of speed. This provides much better time
calculated values have some experimental backing (abovegsolution than is possible by tracking balloon ascents, at
Also, Lighthill (Lighthill, 1977) pointed out tha¥mp is the intervals of hours, as is usually the only option in radar
lower boundary of the range of speeds available for cruisingbservations. Also, the wind can be measured at a point close
powered flight and that prolonged powered flight is noto where the bird is flying.
practicable at lower speeds. The reasons for this are mechanical
(not physiological) and were further elaborated by Pennycuick
(Pennycuick, 1997Vmp was calculated for each species from ] i
the following formula, which is adapted from Pennycuick Study site and period
(Pennycuick, 1975) and used in Flight.bas: Birds were observed from 3 to 15 October 2000 from a
vantage point opposite Falsterbo lighthouse, on the edge of the
Vimp= 0.80%K>29mP- 3% Y[ps1 ©0%A(SCob)*#, (1) dunes (55°23.018, 12°48.917E). The Falsterbo peninsula, at
the southwestern point of Sweden, is a concentration area for
migrants of many species leaving Sweden in the autumn.
Karlsson (Karlsson, 1992) described the area and the research
carried out there since the establishment in 1955 of a bird-
H’nging station at the lighthouse, and also summarised the
numbers and timing of different bird species migrating through

‘True’ air speeds, observed in the field, have to be ‘reduced {8e area. Measurements of body mass, wing span and wing area

sea level' (see below) before they can be compared with e listed for the 16 study species in Table 1. 'These
value calculated from equation 1. measurements came from the database summarised by

The benchmark wingbeat frequendyef| was calculated Pennycuick (Pennycuick, 1999) or from later additions to that
) database, except that data foolumba palumbusad to be
from the formula: -
taken from Greenewalt (Greenewalt, 1962) because no original
fref = m3/8gL/2n=23/245-113p,g) ~3/8 (2)  measurements were available.

Materials and methods

wheremis the body masg is the acceleration due to gravity,
b is the wing span$, is the frontal area of the bod§py is
the drag coefficient of the body akds the induced power
factor. Setting the air density to a fixed valys.,
corresponding to sea level in the theoretical standar
atmosphere, leads to a calculated ‘equivalent’ valué/fgr



Speeds and wingbeat frequencies of migrating bBa85

Table 1.Wing measurements of the study species and numbers of speed runs and video recordings obtained for each

Mass Wing span Wing area SpeedsN) Video (N)

Species (kg) (m) ) Runs Observations Records Wingbeats
Corvus corone Hooded crow 0.553 0.925 0.147 20 46 2 50
Sturnus vulgaris Starling 0.0884 0.384 0.0251 11 13 20 1157
Fringilla coelebs Chaffinch 0.0228 0.262 0.0130 101 213 12 146
Buteo buteo Common buzzard 0.964 1.29 0.254 58 210 16 1003
Accipiter nisus Sparrowhawk 0.196 0.611 0.0642 21 47 3 119
Milvus milvus Red kite 0.851 1.50 0.304 41 209 8 403
Ardea cinerea Grey heron 1.21 1.60 0.358 61 333 3 278
Cygnus olor Mute swan 9.01 2.31 0.682 25 107 2 98

Anas penelope Wigeon 0.770 0.822 0.0829 7 11 9 580
Somateria mollissima  Eider 1.39 0.978 0.131 2 2 34 1029
Phalacrocorax carbo  Cormorant 2.56 1.35 0.224 38 88 24 2064
Columba palumbus Wood pigeon 0.495 0.751 0.0797 19 31 8 200
Larus ridibundus Black-headed gull 0.280 0.963 0.0985 9 17 1 20
Larus canus Common gull 0.364 1.10 0.138 40 164 6 520
Larus argentatus Herring gull 0.925 1.35 0.200 112 444 2 166

Larus marinus Great black-backed gull 151 1.66 0.290 88 398 7 493

Ground speed measurements but no errors were detected. To minimise such effects, the
Two methods were used to measure the ground speedsi@$trument was mounted on a heavy Gitzo photographic tripod,
passing birds. with a fluid-damped pan-tilt head intended for use with video

(i) The Leica Vector is a pair o&@#2 binoculars with a built- cameras, giving very smooth rotation.
in laser rangefinder and also a magnetic sensor that determinedi) The ornithodolite measures distance with an optical
the direction in which the binoculars are pointing and &oincidence rangefinder of 25cm base and the azimuth and
gravity sensor that determines the elevation angle. Built-iglevation angles with eight-bit optical encoders. This
compensator magnets for the azimuth sensor can be adjustediwrument, and its calibration and precision, were described by
an automatic system, when the instrument is set up, to cand&nnycuick (Pennycuick, 1982a). A new interface was built for
local magnetic disturbances. In use, the instrument is aimed atf¥ present project, based on a PIC 16C74 microcontroller,
target, with the help of crosshairs in the centre of the field, an@hich read the sensors when the button was pressed and output
a button is pressed_ The rangeﬁnder measures the distance ﬁmjreadings in serial form. The ornithodolite was used to track
sends the result, followed by readings from the azimuth angmall birds at distances of 50-120m from the observer.
elevation sensorsja a serial output port. An error message is Whichever instrument was in use, the data were sent to the
sent if the rangefinder fails to detect the returning light pulseserial port of a laptop computer (MBC Proteus) and were read,
The Vector worked well on large, light-coloured birds, flyingtogether with the time from the computer’s real-time clock, by
steadily along at distances of 100-600 m from the observer, batProgram written in Microsoft QBasic. The ‘tick’ period of
was seldom able to generate range measurements on small bifh§. clock was found by experiment to be 54.925ms, an

The nominal precision of the range reading, output by thénprovement on the earlier ornithodolite interface, whose time
Vector, was +0.5m. Repeated ranging of static targets resultégsolution was 100 ms. The data were transformed from polar
in standard deviations from zero at 398 m (20 measurement§, cartesian coordinates (as described by Pennycuick, 1982b)
all the same) to +0.37 m at 149 m. The same standard deviati@fd recorded as timed, three-dimensional points in space. As
(+0.24m) was measured at both 92m and 779m. Th#& previous ornithodolite projects, a ‘run’ was defined as a
repeatability of the range measurement was thus better than §fies of two or more such points, and an ‘observation’ was the
wing spans of most of the species in the study (Table 1). THeeasurement of ground speed (horizontal and vertical)
nominal precision of the two angu|ar encoders wa¥ rkal obtained by Comparing each point with the previous one. The
(0.0057°). Standard deviations varied from 0.10 to 0.14° imumber of observations in each run was therefore one less than

azimuth and from 0.050 to 0.073° in elevation. These valueie number of points. The numbers of runs and observations
are a realistic indication of the Vector's precision in useor each of the 16 study species are shown in Table 1. The data
because a range reading could not be obtained unless there saved in the field onto hard disc and were in the same
instrument was accurately aligned on the bird. An angular errd@rmat irrespective of whether the Vector or the ornithodolite
of +0.2° at a range of 500 m would correspond to a positionavas the source of the data.

error of 1.7 m, but the repeatability on static targets was better

than this. Attempts were made to induce errors in the gravity Wind measurement

sensor by rotating the instrument with sudden starts and stops,The anemometer hardware consisted of a whirling-cup and
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vane assembly from Maplin Electronics, fitted with opticalThe reason for this, and the method of calculation, were
encoder discs, home-made from lith film. Wind direction wasxplained by Pennycuick (Pennycuick, 1990).
measured with a seven-bit angular encoder, Gray-coded inIn the case of steady flapping flight, several flapping
steps of 5°. Wind speed was measured with a 36-segmesgquences could often be measured end to end, each sequence
continuously rotating disc by counting the sectors passing areginning at the field where the previous sequence ended. As in
optical sensor in a fixed period. The wind speed sensor wagsevious studies, the preferred point in the cycle for beginning
calibrated in the Lund wind tunnel (Pennycuick et al., 1997) t@and ending each sequence was the moment at the beginning of
give true (not equivalent) air speed inTh 8oth sensors were the downstroke when the wings come under load. This transition
read by a PIC 16C71 microcontroller, which sent the readings abrupt and can be identified in views from different directions.
at intervals of 2.3 sia a UHF radio link to a receiver, which However, in flap-gliding and bounding flight, some birds tended
was connected to a second serial port on the computer (Socketbegin a sequence with a partial downstroke from the gliding
S-1/0). This port was activated by the controlling programposition, and it was found more practical to use the ‘fully down’
whenever a run was completed and saved. The wind speed grakition for beginning and ending a flapping sequence. Because
direction were automatically received and recorded as part of this, the time from the first to the last fully down point of a
the data for the run. sequence was shorter by one wingbeat period than the true
The anemometer assembly was mounted on a mast 3daration of the sequence, and this had to be allowed for when
above the ground. The radio link eliminated the need for ameasuring the ‘power fraction’ in flap-gliding or bounding
anemometer cable, so that the mast could be positioned clébght, i.e. the proportion of the time spent in flapping. The
of any upwind obstructions. Apart from the lighthouse gardenwingbeat frequency’ in these intermittent flight styles refers to
which supported a stand of trees, the immediate surroundingfse frequency within a sequence of continuous flapping, not to
were a flat and relatively unobstructed golf course on the eatbte average over flapping and non-flapping periods. The
and south sides, and the waters of Oresund to the west amdmbers of records obtained and wingbeats counted are shown
north. There were no hills in any direction high enough tdor each of the 16 study species in Table 1.
cause wind disturbances. As the birds’ flying heights were
within 200m of the surface, no correction was needed to the Data reduction
wind direction, but the wind speed was corrected according to Both air speed and wingbeat frequency are expected to be
the conventional wind gradient equation: functions of the air density, whose measured valuaried
from one run to another. The air density at the observer's
Vhz2= VhalIn(ha/he)/in(ha/hr)], ®) position was first found from the ambient air temperature and
whereVhzis the wind speed at the bird’s flying heighd)(Vhy ~ barometric pressure and then corrected for the measured height
is the measured wind speed at the anemometer, whose heigifference between the observer and the bird. The formulae for
is hy, andhr is a ‘roughness height’, which can be assigned dhese operations were given by Pennycuick (Pennycuick,
value of between I@m for a glassy-smooth surface tod 1999). The air density at sea level in the standard atmosphere
for a very rough surface (Sutton, 1953). A ‘medium’ value owas assigned a fixed valugs() of 1.23kgm?. ¢ is defined
103m was used throughout fbr. The whirling-cup type of ~as the ratio of the ambient to the standard air density:
anemometer measures true (not equivalent) wind speed which, o= plpst. (4)
after correction for the flying height, was vectorially subtracted
from the measured ground speed to give an estimate of the trgllowing aeronautical convention, observations of air speed

air speed. Wind speeds, corrected to flying height, varied fro@nd wingbeat frequency were ‘reduced’ to the values that
0to 14.3m3L. would have prevailed at sea level, according to theoretical

expectations, before comparisons were attempted. As air speed
Wingbeat frequency is expected to vary inversely with the square root of the air

Analogue video was recorded in the field with a Panasonidensity (equation 1), the measured ‘true’ air spagiwas
NV-S7B camcorder on S-VHS-C tape cassettes, in theeduced to the ‘equivalent’ sea-level air speégl thus:
European PAL format, in which 50 ‘fields’, each with half the Vo= Vi Vo ®)
number of horizontal lines of the full ‘frame’, are recorded per em Mtve
second, at equal time intervals of 20 ms. Wingbeat frequenciés equivalent wingbeat frequencig)(was obtained likewise
were measured from a copy of the original tape, in which thby reducing the measured true wingbeat frequeficyo(the
individual fields were numbered (Pennycuick, 1996a). Eackea-level value. As wingbeat frequency is expected to vary
sequence of wingbeats was played back in slow motion, danversely with the 3/8 power of the air density (equation 2), the
single-stepped one field at a time, beginning and ending threduction equation in this case is:
sequence at the same point in the wingbeat cycle. The time for fo= 038 ©)
the sequence, and hence the frequency, was found from the em o
numbers of the first and last fields. The standard deviation dfhe effect of reducing the data to sea level was small because
wingbeat frequency was estimated by first finding the meathe air density at flying height varied only from 1.19 to
and standard deviation of its reciprocal, the wingbeat period..26 kgn13, giving values ofs of 0.98-1.02. These reductions
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Table 2.0bserved and calculated speeds and wingbeat frequencies

Equivalent air speed (mY Wingbeat frequency (Hz)

Species Observed Vmp Observed fref

Corvus corone 10.5+2.03 12.1+0.976 3.84+0.0522 4.74+0.181
Sturnus vulgaris 17.3+1.75 10.2+0.864 10.6+£1.25 9.97+0.385
Fringilla coelebs 15.3+£3.46 7.82+0.715 18.2+1.74 10.8+0.691
Buteo buteo 9.31+1.92 12.3+1.21 3.63+0.168 3.54+0.218
Accipiter nisus 8.72+2.40 10.5+1.03 5.10+£0.321 6.30+0.388
Milvus milvus 7.90+1.81 10.94£1.08 2.88+0.0926 2.75+0.170
Ardea cinerea 11.0+1.66 11.9+1.17 2.90+0.0354 2.79+0.172
Cygnus olor 16.0+0.700 19.4+2.08 3.38+0.0863 3.37+0.264
Anas penelope 17.1+1.99 14.3+1.41 6.83+0.330 7.27+0.500
Somateria mollissima 20.2+3.51 15.942.19 6.47+0.294 6.60+0.586
Phalacrocorax carbo 15.0+1.80 16.6+1.39 4.83+£0.156 5.09+0.265
Columba palumbus 15.4+2.06 12.9+1.27 5.61+0.256 6.81+0.420
Larus ridibundus 10.1+£1.89 9.42+0.964 3.27+0.0110 4.04+0.274
Larus canus 11.6x£1.74 9.62+0.946 2.98+0.151 3.50+0.216
Larus argentatus 11.8+2.07 11.9+1.06 3.13+0.0761 3.61+0.218
Larus marinus 12.8+1.31 12.6+1.35 2.91+0.223 3.14+0.215

Numbers after the + symbols are standard deviations of observed quantities and uncertainties of calculated e@htities (
Vmp, minimum power speeder, calculated equivalent wingbeat frequency.

would have a larger effect in a situation where birds werTable 3.Assumed values for variables used in the calculations
observed over a wider range of heights, as in tracking-rad: and their uncertainties expressed as a proportion of the value
stuglies. In that case (and _also, in principle, in the_prese‘variame Symbol Value Uncertainty

project), unreduced observations are not comparable either wi

- . . Induced power factor k 1.2 0.2
a reference value calculated for a fixed height or with each otheBooly drag coefficient Cob 0.10 0.2
Acceleration due to gravity (m3 g 9.81 0.01
Results Sea-level air density (kgT#) psL 1.23  Fixed value

Calculated and observed values

Table 2 shows the mean observed equivalent air speeds goigysical sciences, but is based on a different principle from the
wingbeat frequencies for each of the 16 study species, togethealculation of the standard deviation of a sample. It would be
with estimates for the minimum power spe&thd) for each  out of order to use these uncertainty estimates in statistical tests
species calculated from equation 1 and the reference wingbest significance as they do not satisfy the assumptions
frequency fef) from equation 2. Values of the morphological underlying tests of this type. There is, in any case, no starting
variables for each species are given in Table 1, and the valulkgpothesis as to the speeds at which birds ‘should’ fly, which
used for the other variables in equations 1 and 2 and theipould be rejected by a test of significance.
assumed uncertainties are given in Table 3.

In Fig. 1 and Fig. 2 the observed mean values of air speed Flight style
and wingbeat frequency are compared with the benchmark Three different flight styles could be distinguished,
values calculated for each species from equations 1 and 2, bygntinuous flapping (most species), flap-gliding and bounding.
plotting the ratio of the observed to the calculated value, on Bhe three raptor species in the sample invariably flew by flap-
horizontal scale. The observed values are the means of sampidising, i.e. by alternately flapping and gliding for short
and are accompanied in Table 2 by standard deviations, but theriods. The chaffinchFingilla coeleb$ invariably flew by
benchmark values were obtained directly from thebounding, i.e. by alternately flapping for a few wingbeats, then
measurements in Table 1 and Table 3. These estimates do frete-falling with the wings closed, while the starlirgf(rnus
have standard deviations as such, as they are not sampldgaris sometimes flew by bounding and sometimes by
statistics, but each does have an ‘uncertainty’. This results frooontinuous flapping. Starlings were not seen flap-gliding,
the uncertainties of the values used for the individual variablesither visually or on video.
on the right-hand side of equations 1 and 2, each of which
contributes to the uncertainty of the result on the left-hand side. Equivalent air speed
The uncertainties 0fmp andfref were calculated by the method  The species have been arranged in Fig. 1 in descending
of Spedding and Pennycuick (Spedding and Pennycuick, 200adjder of their ‘relative air speeds’, meaning the ratio of the
and are listed in Table 2. The procedure is conventional in th@bserved mean equivalent air speed to the calculated minimum
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Fringilla coelebs : : . — Fringilla coelebs : : ——
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d Fig. 2. As Fig. 1, but showing the ratio of observed to calculated

Fig. 1. Observed equivalent air spe®dhf), with horizontal standar ) .
d q pev:d equivalent wingbeat frequencfgidfrer). Data from Table 2.

deviation bars, normalised by dividing by the calculated minimun

power speed\mp). Squares are for species that flew by flap-gliding,

crosses for flapping and circles for bounding. Data from Table 2. gjr speed only just abowénp. In the common buzzar®@(teo
buteg, which flew by flap-gliding, nearly all the speed

power speed, both from Table 2. A relative airspeed of 1 (solidbservations were below the estimated minimum power speed,

vertical line) means that the observed mean speed was equdiereas in the cormorarlfalacrocorax carbypy which flew

to the calculated value &fmp. The uncertainty oVmp, also by flapping, most were belo¥mp but some were above. The

given in Table 2, varied in different species, ranging from 8 t@orrelation coefficient was negative and highly significant

12 % of the calculated value, which is indicated approximatelyP<0.01) in each of these three species, although some other

by the vertical dashed lines at 0.90 and 1.10. Different symbofpecies in which sample numbers were small did not show a

have been used in Fig. 1 to classify the styles of flight used ksignificant correlation.

each species. Crosses signify species that flew by continuous

flapping flight, and these dominate the middle part of Fig. 1, Wingbeat frequency

with observed relative air speeds between 0.83 and 1.27. Theln Fig. 2, the species have been arranged in descending order

three species that flew by flap-gliding (squares) are clustered the ‘relative wingbeat frequency’ for each species, i.e. the

at the bottom of the table, with relative air speeds down to 0.78atio of the observed equivalent wingbeat frequency to the

while the two species that flew by bounding (circles) are at thealculated value ofief from Table 2. As in Fig. 1, the two

top, with mean air speeds up to nearly twie. bounding species (circles) occupy the top two places. The
. chaffinch was the only species whose observed wingbeat
Wind effect frequency was much higher than the calculated valufespf

A ‘tail wind’ is conventionally defined as the scalar and the standard deviation was also much higher than in any
difference between ground speed and true air speed. Théher species. The three flap-gliding species (squares) are not
magnitude of this difference represents the extent to which tr@ustered in any particular part of the table.
wind helps or hinders the bird, regardless of whether the wind
is aligned with the bird’s heading or at an angle to it. The ‘wind
effect’ means that a bird whose ground speed is less than its
air speed will normally respond by increasing its air speed, Birds that flew slower thaWmp
resulting in a negative correlation between the air speed andAlthough it was not anticipated that any bird would fly at a
the ‘tail wind’ so defined (Pennycuick, 1982b). Fig. 3 showsspeed less than the value\fp calculated for that species, the
such graphs for three species with different flight styles. Thebserved speeds were evenly divided below and algge
chaffinch showed a very strong wind effect, with air speedg&ight of the 16 species flew at mean speeds between 0.73 and
from 8.64 m 5! (1.1Vimp) to 24.3 m 5! (3.1Vmp), which was the  0.99%mp, and the remaining eight species between 1.02 and
highest speed measured in any species in this study, eitie®6Vmp. The mean speeds of three species were more than one
absolute or relative td/mp. The high mean speed of the standard deviation beloWmp. Pilots call this ‘flying on the
chaffinch (1.9&mp) reflects its wide speed range and its abilityback side of the power curve’, and continuous powered flight
to increase its speed when flying against head winds. The fittésl difficult at such low speeds, both for birds and for aircraft
line in Fig. 3A intersects zero wind (vertical dashed line) at affPennycuick, 1997). However, three of the four species with

Discussion
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the lowest relative air speeds were raptors, which flew byo physical anomaly in birds flying slightly faster théap,
flap-gliding. In their case, an average speed belaw is  but the various theoretical optimum speeds proposed by
explicable, provided that the bird is capable of gliding moreHedenstrom and Alerstam (Hedenstrom and Alerstam, 1995)
slowly thanVmp. The estimated minimum gliding speeds of thewould be much higher. The lowest of these is the maximum
three flap-gliding species, the sparrowhavwkdipiter nisuy ~ range speedvinr), at which the effective lift:drag ratio passes
the common buzzardB(teo butepand the red kiteMilvus  through a maximum. Estimates of the ratioVid to Vmp for
milvug, based on a maximum lift coefficient of 1.6, expressedhe species in the sample, calculated by Flight.bas, range from
as multiples o¥/mp, were between 0.49 and 0.57. The observed.60 to 1.89, but it should be noted that estimateg.pfare
average relative speeds over several flap-glide cycles weless robust than those 6 because the value ¥f,r depends
between 0.73 and 0.91. The likely explanation for the appareonn the exact shape of the power curve, which is poorly known.
anomaly of average speeds bel®iap is that the bird slows Recent physiological evidence suggests that the chemical
down during the gliding phase well belovimp, but starts power curve is more strongly-shaped than Flight.bas predicts
flapping before it approaches the minimum (stalling) speedKvist et al., 1998)Vmr represents a broad peak in the effective
then accelerates while flapping Vep or a little above. Flap- lift:drag ratio, in a region of the power curve where the power
gliding involves a cycle of speed changes, with a maximuniself is rising steeply, and the direct cost in terms of fuel
speed neaWmp and an average speed beldwp. The term  energy is by no means the only consideration affecting the
‘undulating’ flight for flap-gliding (as used by Rayner, 1977;selection of cruising speed (Pennycuick, 1997). The results
Rayner, 1985) is misleading and should be
avoided. The speed undulates, but the h 25

usually does not, at least not enough t . % + : A
easily discernible. 20 — |
The low relative speed (0.82) observed ir 3 [
mute swan Cygnus oloy in flapping flight i 15 [
anomalous and cannot be explained in 3 [
way. The speeds were very consistent 10
standard deviation), probably because the : 3
small group of swans was flying back and f 5—
along the shore. A discrepancy in this direc 3
would result if the value assumed for 0—
induced drag factorkg1.2) were too high, b > 3
the effect is small. The lowest possible valt g 20—
k=1.0, for an improbable lossless actuator i g 3
This would reduce the estimate g from 8 15—
19.4 to 18.5m¥ and raise the relative spe .5 .
from 0.82 to 0.86, leaving the anom ¢ 10 — '
unresolved. These swans require alongta @ 3 '
run, and need some time and distanc 2 S5 '
accelerate to a steady flying speed, and 3 Pralacrocora carbo '
sometimes landed on the water near 0— : C
lighthouse on a pond behind the beach. 3 _ 1 [
intention was to measure their speeds 20 Vmpl23ms |
when they were flying steadily along, but i . . I
possible that the mean speed was inadver 15— |
biased downwards by making sc .
observations before the swans had accele 10 o
to Vmp after takeoff or when they had begui .
slow down for a possible landing. 5 !
4 Buteo huteo !
Birds that flew at speeds near or just abo 0 LA B L I S Y I B B I T T 1
Vmp -20 -15 -10 -5 0 £
Above the sparrowhawk¢cipiter nisujin Tail wind (m s%)

F_'g' 1 are six speqes whose mean equ"( Fig. 3. Wind effect in species that flew by bounding (A), continuous flapping (B) and
air speeds were within one standard devii  fjap-gliding (C) with reduced major-axis lines. ‘Tail wind’ is the scalar difference
of the estimated/mp, then four species wi  petween ground speed and air speed. Horizontal dashed lines show the minimum power
relative air speeds of 1.20-1.27. All th speed Ymp) and the minimum gliding speevin) assuming a maximum lift coefficient
species flew by continuous flapping. Ther of 1.6.
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suggest that species cruising in steady flapping flight flew ¢
speeds above€mp, but far belowVmr, which is much the same Ballistic phase Power phase
pattern that was observed in earlier projects (Pennycuicl
1990; Pennycuick, 1996a), in which the birds were thought t
be engaged on short local flights rather than migrating. It i
possible that the same birds would cruise at higher equivale
air speeds when committed to migration at higher altitudes bt
to achieve that, the true air speeds would have to be higher s
(equation 5).

Gravity=g/q

L

Zero gravity

Birds that flew much faster thafnp bounding

Finally, the two bounding species at the top of the diagran
the starling $turnus vulgaris and the chaffinchHringilla
coeleby, flew at mean relative air speeds of 1.70 and 1.9¢€Fig. 4. Because it free-falls during the ballistic phase, a bounding
respectively, more than two standard deviations aban bird has to pull up during the flapping phase, effectively increasing
each case. These speeds are near the (somewhat uncertgravity @ by a factor Id, whereq is the power fraction (the
estimates ofVmr from Flight.bas for these two species. Proportion of time spent flapping).
Hedenstrom and Alerstam (Hedenstrom and Alerstam, 199.
noted that migrating chaffinches and some other small speciegcle time spent flapping, loy the upward acceleration during
actually flew faster than their estimate Yo, but at that time  the power phase has to be such as to increase the body weight
they were using unduly high values of the body drady a ‘load factor’ equal to @/(Lighthill, 1977). In effect, the
coefficient and, thus, underestimatiigp andVmr (See above). value of gravity, against which the bird has to support its
Fig. 3A shows that the high mean speed of the chaffinclveight during the power phase, is gdbut g’ where:
resulted from its ability to increase speed when flying against .
a head wind, but Fig. 1 suggests that the two bounding species g =ga. ®)
were the only ones able to do this. The induced and profile components of power, which are

The mechanical characteristics of bounding flight werdunctions of g in level flight, become functions aof in
identified by Lighthill (Lighthill, 1977) and further developed bounding, but are only required for a proportgpaf the time.
by Rayner (Rayner, 1977; Rayner, 1985). Bounding flighThe parasite powePfa) does not depend on gravity and is
requires a cyclic variation of upward acceleration, unlike levetequired all the time, whether the bird is flapping or not. The
flapping or flap-gliding flight, which do not. Fig. 4 shows aaverage mechanical power over the whole bound cycle is
simplified bound cycle, consisting of two phases, regularlyherefore:
repeated, with no net change of height. In the ‘ballistic phase’, e ,
the bird holds its wings folded against its body, making a Pmech= A[Pind(g') + Ppro()] + Ppar. ©)
streamlined, fusiform shape that is assumed to generate no liftig. 5 shows the effect of varying the power fraction on the
The bird is in free fall, and the flight path curves downwardscurves of mechanical power and effective lift:drag ratio
The remainder of the cycle is the ‘power phase’, during whiclealculated by Flight.bas for the chaffinch from the data in
the bird flaps its wings, and the flight path curves upwards. ThEable 1 and Table 3. The curves illustrate the same general
increase in frontal area due to wrapping the wings around tlenclusions that were reached by Rayner (Rayner, 1985), i.e.
body appears to be small, and the drag in the ballistic phasetigat the power required to fly at any given speed increases as
assumed to be the same as that of the body without the wingle power fraction decreases, while the effective lift:drag ratio

In continuous flapping flight, the mechanical powRdcn decreases, and also that bgikp andVmr shift to higher speeds
is represented in Flight.bas as the sum of three componen&s the power fraction decreases. As Rayner (Rayner, 1985)
the induced powerRnd), the profile power Rpro) and the  noted, bounding does not appear to confer any direct advantage
parasite powerRpay), of which the first two are functions of in terms of either power required or distance flown per unit
gravity, while the third is not: energy consumed.

Pmech= Pind(9) + Ppro(Q) + Ppar. () Wingbeat frequency

In bounding, all three components are required during the As noted above, equation 2 for the reference wingbeat
power phase, but only the parasite power is required during tieequencyfref is based on physical reasoning, not involving any
ballistic phase. The parasite power is the rate at which work regression coefficients or even numerical conversion factors.
dissipated in overcoming the aerodynamic drag of the body. Nevertheless, the mean observed wingbeat frequencies, when
does not include the work done against the component of tltkvided by frer, gave relative wingbeat frequencies between
weight in line with the undulating flight path, which integrates0.81 and 1.05 in 14 out of 16 specigs. was a benchmark
to zero over a full cycle, as in a roller-coaster. calculated from a dimensional argument. Although it was not

Denoting the ‘power fraction’, or proportion of the total necessarily expected to predict the wingbeat frequency, Fig. 2
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Fig. 5. Calculated curves for the chaffinehingilla coelebsof (A) coelebs Curves, predicted wingbeat frequency from equation 10;

mechanical power and (B) effective lift:drag ratio (based orhorizontal lines, predicted wingbeat frequency for a power fraction

metabolic power) for different values of the power fractioh ( of 1 (continuous flapping).

These curves have been extended to 283nbsecause chaffinches

were observed flying at nearly this speed, but the calculation ighile the horizontal lines are the predictions from equation 2,

insecure at such high speeds. representing the hypothesis that there is no effect from the
increased gravity in bounding. The ratio of the mean-square

shows that actuallfter did predict the wingbeat frequencies of deviations of the observed frequencies from the predictions of

flapping and flap-gliding species and also that the twequation 2 to that from the predictions of equation 10 was 4.99

bounding species had the highest wingbeat frequencies relatife the starling N=20) and 27.3 for the chaffinciN€11). An

to fret. Both bounding species also showed larger standaré-test (Bailey, 1995) indicated that these variance ratios are

deviations than any of the other 14 species. The observed medaighly significant in both caseB«0.01), i.e. the points in Fig.

equivalent frequency was within one standard deviatidrf 6 are significantly closer to the curves than to the horizontal

in the case of the starling, but more than four standartines. Equation 10 also predicts a wingbeat frequency of

deviations above in the chaffinch. 24.9Hz from the data given by Tobalske et al. (Tobalske et al.,

The benchmark values 6§f were calculated from equation 1999) for a zebra finchT@enopygia guttajaflying in a wind
2 using the fixed value df in Table 3. However, wingbeat tunnel with a power fraction of 0.5, which is near the middle
frequency was defined above as the frequency during thaf the range of frequencies observed. It seems that a bounding
flapping phase of bounding (not the average frequency overlard’s wingbeat frequency does indeed respond to an increase
bound cycle) and it was also noted that, while the bird is pullingh gravity, caused by variations of the power fraction. This is
up in the flapping phase, the value of gravity is increased hyot a result that could have been anticipated by an empirical
the load factor 4, whereq is the power fraction. This can be approach to the effects of gravity on wingbeat frequency.
expressed by modifying equation 2 in bounding (but not flap-
gliding) flight to: Mass-specific work

_ _ _ Fig. 2 and Fig. 6 show that the wingbeat frequencies of birds

frer = mlS(g/)/2p723/245 2 5pg 75, (10) in flapping and flap-gliding flight can be predicted quite well
usingg/q rather tharg for gravity. This is a strong effect. The from equation 2, while the modification in equation 10 extends
average power factor in chaffinches was 0.35, making the lodte prediction to bounding. Equation 2 rather than equation 10
factor 2.9, i.e. the chaffinches were ‘pulling @.@s pilots  applies to flap-gliding, because gravity is not increased in the
would say. This increases the wingbeat frequency, accordimgpwer phase of flap-gliding, as it is in bounding. Once the
to equation 10, by a factor of approximaté®/9, or 1.7. Power wingbeat frequency can be predicted, then so also can the
fractions in the starling ranged from 0.57 to 1.0, giving loadnass-specific work in the flight muscle®q{). The mass-
factors between 1.8 and 1.0, and increasing the wingbesgpecific work is the work done per unit mass of muscle in each
frequency by a factor up to 1.3. contraction, and it is related to the mechanical po®ged)

Fig. 6 shows the observed wingbeat frequencies plottethus:
against power fraction for both the starling and the chaffinch. _
The curves show the wingbeat frequency predicted for each Qm = PmectMmusdq, (11)
species as a function of the power fraction, from equation 1@vheref is the wingbeat frequency amghuscis an estimate of

Equivalent air speed(m s1)
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Fig. 7. Calculated curves for the chaffingtingilla coelebsof mass- Fio. 8. Theoretical curve for efficiency of converting ATP ener
specific work in the contractile component of the flight muscles fo.. 9-©. y g gy

i . : ) into work versusstress normalised by dividing by the isometric
different values of the power fraction)( Horizontal dashed lines, ) f .
) ) . ' stress (after Pennycuick, 1991). Vertical dashed lines, upper and
estimated upper and lower boundaries for 80 % conversion efficienc

. . . ; lower limits of relative stress for a conversion efficiency of 80 % or
of ATP energy into work, assuming an isometric stress of 300 kP . o .
and strain of 0.2. more of maximum. Top scale, mass-specific work assuming an

isometric stress of 300 kPa and strain of 0.2.

the mass of the contractile component of the flight muscle:
Equation 11 applies to continuous flapping, flap-gliding odight of future experiments, it can be used provisionally to
bounding. The power fractiampappears in the denominator of assess the known performance of some large birds. For
equation 11 becaud@nechis the average rate of doing work example, Flight.bas estimates that the mass-specific work
over the whole bound or flap-glide cycle, but the work is donevould have to be around 36 Jkdor a very large whooper
during the power phase only. swan Cygnus cygnys whose measurements were given by
Mass-specific work is a good variable for identifying thePennycuick et al. (Pennycuick et al., 1996a), to fiyngt This
limits to muscular performance as it has a well defined uppegrarticular swan was satellite-tracked as it migrated from
limit that is not likely to vary much from one animal to another.Scotland to Iceland, and it did indeed appear to be restricted to
This is not an empirical finding, but one that follows directlyspeeds below approximately ¥, landing from time to time
from the basic properties of the sliding-filament mechanismpn the water, as did other swans from the same population.
which have been understood for many years (Huxley, 1957
McMahon, 1984). The mass-specific work is proportional to Maximum body mass in terms of specific work
the product of the stress)(and strain €) in the contractile Hedenstrom and Alerstam (Hedenstrom and Alerstam,
proteins, while the muscle is shortening (Pennycuick and992) also observed speeds in the region of their estimate of
Rezende, 1984): Vmp for migrating mute swansCygnus oloy, combined with
Om=sd (12) minimal rates of climb, and attributed this marginal flight
m = S8Pmusc, performance to limited muscle power due to the large size of
where pmusc IS the density of muscle, usually taken to beswans generally. Several known trends combine to make the
1060kgnT3. The stress has an upper limit that is ultimatelyspecific work required to fly atmp higher in large birds than
traceable to the force that can be exerted by a single myodimsmall ones. The mechanical power required to fly increases
filament (Pennycuick, 1992; Pennycuick, 1998). The straimore steeply than in direct proportion to the body mass, and
also has an upper limit, related to the amount of overlap thaine might expect that the flight muscle fraction would increase
is possible between actin and myosin filaments (White anih larger birds, but apparently it does not (Greenewalt, 1962).
Thorson, 1975). These upper limits may vary in different typeShis means that the specific power has to increase with
of muscle, but are unlikely to vary much between muscles thatcreasing mass. The specific work increases more strongly
are as similar as the flight muscles of different birds. Theithan the specific power, because the wingbeat frequency
actual values are difficult to measure, but that does not affedecreases in larger birds. Estimating the mass-specific work for
the connection with the mass-specific work. For instance, if wé50 species for which reliable (i.e. first-hand) wing
assume ‘best-guess’ values of 240kNrfor the maximum measurements were available, Pennycuick (Pennycuick,
value of the stress while the muscle is shortening (not isometric996b) found a strong positive trend for the specific work
stress) and 0.20 for the maximum strain, then equation 12 givesquired to fly atVmp, which varied approximately with the
a maximum value of approximately 45 Jkdor the mass- 0.26 power of the body mass. The upper limit @ was
specific work. While this value may have to be revised in tharound 48 Jkg}, but this estimate may be on the high side
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because unduly high values, now considered obsolete (abov&)at bounding entails increased power and reduced lift:drag

were used for the body drag coefficient. ratio, which would have to be offset by any gains in efficiency.
Although Fig. 7 shows that bounding is a highly effective
Speed range method of adjusting the specific work over a wide range, Fig. 5

One of the reasons for the trend to higher values of thehows that bounding incurs penalties in both power and
specific work in larger birds is thslkpis higher in a large bird effective lift:drag ratio, whereas the other two methods do not.
than in a small one, other things being equal. This means thidbwever, bounding increases the wingbeat frequency, and this
it is easier for a large bird to make progress against a head wiatlows the flight muscles to be adapted to a higher ‘operating
than it is for a small one. The swans tracked by Pennycuick &equency’ as defined by Pennycuick and Rezende
al. (Pennycuick et al., 1996a) were observed flying againgPennycuick and Rezende, 1984). This means that the
winds up to 20m3g, which would require a swan to fly at 1.1 maximum strain rate of the myofibrils can be set to a higher
or 1.2 timesVmp, whereas a chaffinch flying at 20 Msvould  value than would be possible if the muscles were adapted to
be flying at 2.8mp (Table 2). The ‘speed range’, defined as theoperate efficiently in continuous flapping. The effect is that
ratio of the maximum level speed ¥ap, would appear to be less muscle is needed to fly at maximum speed or,
more than 3 in the chaffinch (above), but is probably no morelternatively, that a given amount of muscle can handle a wider
than 1.5 in any migrating swan. By having much the samspeed range without being forced to operate at unduly low
flight muscle fraction as larger birds, small birds have enoughalues of the specific work at low speeds. Of course, it remains
‘spare’ muscle power to fly at high relative speeds when a hegubssible that chaffinches flying in the vicinity o, may
wind makes this necessary. recruit only a part of the flight muscles, in addition to

Conversely, they require only a part of their availableincreasing the specific work by bounding.
muscle power to fly at speeds n&ap. When a chaffinch is
not obliged to penetrate into a head wind, the specific work Optimal migration
required from its flight muscles is very low. According to Any of the alternative hypotheses proposed by Hedenstrom
Flight.bas, it would be below 10 J¥gat speeds up to 15mls  and Alerstam (Hedenstrom and Alerstam, 1995) would predict
in a chaffinch that was flapping continuously (Fig. 7). Thisthat birds ‘should’ migrate at higher speeds than were observed
would result in inefficient conversion of fuel energy into work, in this study, except possibly in the case of the two small
for the reason shown in Fig. 8, which is a curve of thepasserines, which flew by bounding. Even these only flew
efficiency of converting ATP energy into work as a functionmuch faster thamp when flying against head winds. The first
of stress, calculated from the sliding-filament theory of Huxleypoint to be established, before any theories of optimal
(Huxley, 1957) as presented by McMahon (McMahon, 1984)migration can be tested, is whether the low relative speeds
The left-hand end of the curve expresses the obvious fact tha¢ported here are an artefact due to restricting observations to
if the stress is zero, the muscle consumes fuel energy but ddew-flying birds. To check that, the speeds of birds at normal
no work, and the efficiency is therefore also zero. The stresdtitudes for long-distance migration would need to be
has to be high enough to be clear of the steeply rising part mteasured against the same benchmafkp)( This would
the left-hand end of the curve, but not so high as to reach thequire high-flying birds to be both tracked and identified,
steeply falling part at the right-hand end. According to Fig. 8which presents some technical difficulties. If these could be
the specific work needs to be between approximately 10 arayercome, and it turns out that cruising speeds observed at
48 Jkg? for the conversion efficiency to be above 80 % of itshigher altitudes are still nedmp as calculated by Flight.bas,
maximum value. Although these values are subject to sonte next question to be considered is whether Flight.bas
uncertainty (Pennycuick, 1991), the upper limit as shown fitsonsistently overestimat&np. At present, this seems unlikely
quite well with the specific work calculated by Flight.bas forin view of the wind tunnel experiments of Pennycuick et al.
large birds flying atVmp, and this implies that small birds (Pennycuick et al., 1996b), in which good agreement was
would need to take some action to keep the specific work wetbtained between observed and calculated value¥mgf

above 10 Jkd. following downward revision of the anomalously high values
_ _ previously assumed for the body drag coefficient. The
Bounding and operating frequency predictedVmp needs to be tested on a wider range of species,

Three possible strategies come to mind for a small birdyearing in mind that such measurements are sensitive to the
flying near Vmp, to increase the specific work in its flight quality of the wind tunnel environment (Pennycuick et al.,
muscles without increasing the power. First, the bird mighi997).
recruit only a fraction of the fibres in the flight muscles and If it can be confirmed that migrants flying at higher altitudes
continue to flap continuously. Second, it might use all thelo cruise at higher speeds, relative to the valuevig§
fibres, but flap-glide, so increasing the specific work in inverspredicted by Flight.bas, then there would be a motive for
proportion to the power fraction. Third, it might use all theattempting to calculate additional benchmark speeds,
fibres, but resort to bounding, in which case decreasing thmrresponding to the various optimal speeds, proposed by
power fraction would also increase the specific work, but moreledenstrom and Alerstam (Hedenstrém and Alerstam, 1995).
strongly than in flap-gliding (Fig. 7). However, Fig. 5 showsOf course, Flight.bas in its present form will generate power
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estimates at any speed required. However, the underlyingist, A., Klaassen, M. and Lindstrém, A.(1998). Energy expenditure in
theory involves simplifications (fuIIy explicit in the published relation to flight speed: what is the power of mass loss rate estindates?

. . . Avian Biol.29, 485-498.
version), which are satisfactory at speeds arofil but are | gnmil, 3. (1977). Introduction to the scaling of aerial locomotionStale

experimentally untested at higher speeds and may have to bé&ffects in Animal Locomotioted. T. J. Pedley), pp. 365-404. London:
modified in the light of future experiments. It is unclear at Academic Press.

t what bird . if h ith ffici %/IcMahon, T. A. (1984).Muscles, Reflexes and Locomoti®minceton, NJ:
present what bird species (if any) have either sufficient’ piyceton University Press.

mechanical power available from their muscles to fly at speedsnnycuick, C. J.(1975). Mechanics of flight. Imvian Biology vol. 5,

much aboveVmp or sufficient aerobic capacity for sustained —chapter1(ed. D. S. Famerand J. R. King), pp. 1-75. New York: Academic
SS

.. . . : . . ress.
cruising at such hlgh speeds, espeC|aIIy at h'gh altltUde.S' Thﬁ%nnycuick, C. J.(1982a). The ornithodolite: an instrument for collecting
needs to be established by measurements in high-quality windarge samples of bird speed measuremePitsl. Trans. R. Soc. BOQ,

tunnels of both the mechanical power output of the flight 61-73.

| d f fuel ion in | | fligh hPennycuick, C. J. (1982b). The flight of petrels and albatrosses
muscles and rates of tuel consumption in level thght up to the (Procellariiformes), observed in South Georgia and its viciRityl. Trans.

highest speeds that different birds can sustain. R. Soc. B300, 75-106.
Pennycuick, C. J.(1989).Bird Flight Performance. A Practical Calculation
. Manual Oxford: Oxford University Press.
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