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Summary
Two barn swallows Hirundo rustica) flying in the Lund pauses represent flap-gliding, which is possibly a way of

wind tunnel were filmed using synchronised high-speed
cameras to obtain posterior, ventral and lateral views of
the birds in horizontal flapping flight. We investigated

wingbeat kinematics, body tilt angle, tail spread and angle

adjusting the force generated to the requirements at
medium and high speeds, similar to the flap-bound mode
of flight in other species. Body tilt angle, tail spread and
angle of attack all increase with decreasing speed, thereby

of attack at speeds of 4-14n1t& Wingbeat frequency
showed a clearU-shaped relationship with air speed with
minima at 8.9ms? (bird 1) and 8.7ms?! (bird 2). A
method previously used by other authors of estimating the
body drag coefficient Cp,par) by obtaining agreement
between the calculated minimum power \(min) and the
observed minimum wingbeat frequency does not appear to
be valid in this species, possibly due to upstroke pauses
that occur at intermediate and high speeds, causing the
apparent wingbeat frequency to be lower. These upstroke

providing an additional lift surface and suggesting an
important aerodynamic function for the tail at low speeds
in forward flight. Results from this study indicate the high
plasticity in the wingbeat kinematics and use of the tail
that birds have available to them in order to adjust the lift
and power output required for flight.

Key words: flight, kinematics, wind tunnel, flap-gliding, barn
swallow, Hirundo rustica.

Introduction

During horizontal powered flight, a bird must flap its wingsspeed. For example, in some species the relation between
to generate lift and thrust to overcome gravity and drag. Theingbeat frequency and speedJjsshaped (Pennycuick et al.,
instantaneous forces on the wings vary during the course ofl®96), in a way similar to the mechanical power output of bird
wingbeat cycle due to time-varying wing planform, degree oflight (Pennycuick, 1975; Pennycuick, 1989a; Rayner, 1979;
flexing the elbow and wrist joints, angle of attack, wing twist,Rayner, 1999). In other species, such as the starling, wingbeat
rotational velocity of wings, elastic properties of the primariesfrequency appears to have a more or less linear relationship
forward velocity, etc. The kinematics of a wingbeat arewith air speed (Tobalske, 1995), or there is no systematic
dynamically a very complicated process, yet it contains thehange with speed (black-billed magprisa picaand pigeons
physical key to the mechanical power required to fly, and hendgolumba livia Tobalske and Dial, 1996). Other features of
is of interest to researchers. wingbeat kinematics related to force generation may also

Depending on species, i.e. size and morphology, birds flaghange in relation to forward air speed.
their wings continuously or in bursts, with wingbeats Birds’ tails also play an important aerodynamic role in
interspersed by phases of glides or bounds, the latter flightechanical flight power and flight performance. Conventional
mode resulting in a sinusoidal flight trajectory around themodels of bird flight ignore the tail (e.g Pennycuick, 1989a),
horizontal level. Species using bounding flight or intermittenglthough it has been calculated that the tail of many birds could
flight (wings not completely folded during the non-flappinggenerate as much as a third of the total lift required to support
phase) include the budgerigdelopsittacus undulatyuginches  a bird’s weight (Thomas, 1995).
such as the zebra fin@laenopygia guttatahe starlingsturnus In this paper we present data on wing and tail kinematics
vulgaris and woodpeckers (Rayner, 1995; Tobalske, 1995over a wide range of speeds in two swallddindo rustica
Tobalske, 1996; Tobalske and Dial, 1994; Tobalske et alflying in a wind tunnel. We observed interesting features
1999). In birds that typically use continuous flapping flight,associated with flapping flight and we discuss these findings in
some characteristics of the wingbeat kinematics change witlelation to the theory of flight mechanics.
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Materials and methods Table 1.Body and wing measurements for the two male barn
Windtunnel swallows studied in the wind tunnel
The experiment was conducted in a low-turbulence, closet Mass Wingspan Wingarea Aspect REF%
circuit wind tunnel at Lund University, Sweden (for design (kg) (m) (m?) ratio*  (mm)
details see Pennycuick et al., 1997). The test section guaiow1  0.0190 0.318 0.01365 74 94
octagonal in cross section and is 1.22m wide by 1.08 m higlsywalow 2  0.0180 0.328 0.01447 7.4 94

The first 1.20m length of the test section is enclosed b

Plexiglas walls, and the last 0.5m is open, giving unrestricte *Aspect ratio is defined as wing span squared divided by wing
access to the bird. A pitot-static survey showed that the aarea.

speed was within +1.3 % of the mean across 97.5% of the te FReference length on the bird is from the well-defined angle
section, only deviating from this value at three corner pointsPetween the leading edge of the wing and the body to the tip of the
while hot-wire anemometer measurements showed that ticentral tail feather, used for measuring wing spans from images
turbulence in the closed part of the test section was as low

0.04% of the wind speed (Pennycuick et al., 1997). A fin, .

nylon net of thread diameter 0.15mm, with a mesh size d‘fles, one from _each camera. Individual frames were extracted
29 mmx29 mm, was placed across the exit from the contractioffOm these files as sequences of compressed (.JPG)
approximately 50 cm upstream from the position of the bird ifnonochrome picture files, measuring 480 pixd20 pixels,

the test section. This net will introduce a small additionalVNere Pixels were square (aspect ratio 1). Flight sequences,

turbulence into the flow (Pennycuick et al., 2000). averaging 1.3s in duration, of posterior (image ptgzeand
ventral (image plang,2) views of the swallows were obtained

Equivalent air speed by positioning one camera behind the test section far back in
the first diffuser without affecting the flow in the test section
(see Pennycuick et al., 1997), and the other underneath the test
section. The coordinate axes are definedxastirection of

Ve= \/2q/po, (1) flow; y, vertical direction;z, perpendicular tox andy. The

distance of the ventral-view camera to the bird was about

wherepo is the value assumed for the air density (1.23k§m 70 cm, while the posterior-view camera was placed 3 m behind
at sea level under International Standard Atmospherithe bird. Swallows were filmed in steady flight at I'ths
conditions. The disparity between true and equivalent air speaatervals between 4 and 14 m sAir speeds were set randomly
varies depending on changes in air temperature and barometsicd five flight sequences were obtained for each air speed. Bird
pressure. Equivalent air speed is used throughout this paper,2asvould not fly at 14 m3 so the top air speed for this bird
it is this that determines the magnitudes of the aerodynamigas 13 msl. After five flight sequences at each air speed had

The Lund wind tunnel uses dynamic pressapetq set the
equivalent air speed/), which can be defined as

forces acting upon the bird. been obtained for posterior and ventral views, one of the
_ o cameras was moved to the side of the test section and lateral
Birds and training views of swallows were filmed to obtain body and tail-tilt

Four adult male barn swallowdirundo rustica(L.) were  angles. Again, five replicate flight sequences containing one
caught near Lund, Sweden, on May 21, 1999. All were willingull wingbeat were obtained for each air speed. Film analysis
to fly in the wind tunnel from the beginning but two birds flewwas carried out using Redlake Imaging Motionscope 2.16,
more steadily and for longer periods than the others and weadlowing pixels to be marked and reading of current pixel
therefore chosen for the experiment (for morphological detailsoordinates, which allowed the calculation of angles between
see Table 1). Over the first week each of the birds was traindides. Wing areas were measured in Mapinfo Professional 4.5
to fly in the wind tunnel for approximately 1 h per day. Afterby using the reference length on the bird (see Table 1). The
this the two birds used in this experiment were sufficientlyfollowing data were extracted from the posterior, ventral and
steady in flight (maintaining their position in the horizontal andateral views of the swallows in flight.
vertical planes) for data collection. All birds were released at (1) Wingbeat frequency was calculated by dividing the
the original capture site after the experiment was completed arumber of wingbeats by the number of frames and converting
June 16, 1999. the value to wingbeatss (Hz). To calculate the wingbeat

cycle period the inverse of wingbeat frequency was taken.
Kinematic analysis (2) Wingbeat amplitude was calculated as the angle

Swallows were filmed while flying in the wind tunnel using described by the pivoting of the right shoulder joint—wrist line
two high-speed RedLake video cameras (Motionscope PQ@uring the time between the end of an upstroke and the end
500, USA) at 125framessand with the shutter open for of the next downstroke (see Pennycuick et al., 2000). The
1/1875s. The cameras were synchronised to recorshoulder joint was a well-defined point easily distinguished on
simultaneous images of the bird from different angles. Théhe posterior-view images. Wingbeat amplitude using the
camera output was directly transferréd frame grabbers to a shoulder joint—wingtip line was also calculated for direct
PC (Pentium Il 233 MHz) in the form of two animation (.AVI) comparison with other studies. The beginning or end of a
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stroke was defined as the point where the wing amplituddirection of airflow. One measurement at mid-downstroke was
angle reached maximum values above or below the horizontalade for each flight sequence.

in thexzplane. Ensuring that the bird was in horizontal flight,

a maximum of 10 wingbeat amplitudes from the right wing Statistics

was calculated for each flight sequence (range 1-10) and theAnalyses were carried out using General Linear Models in
average taken. From these data, the duration of thdINITAB release 12.1 (Ryan et al., 1985). Mean values were
downstroke and its angular velocity, and the up- andalculated for the flight variables at each air speed. A model
downstroke fractions of the wingbeat cycle period, were alswas constructed for each of the flight variables (dependent
calculated. Downstroke angular velocity was calculated byariable), with air speed (covariate) included initially as a
converting the duration of the entire downstroke, in frames, tbnear, quadratic and up to quartic term, then sequentially
seconds and calculating velocity as radians per second. 8 msmoving the highest level non-significant terms. Residuals
per frame was the minimum time resolution for anyfrom the analyses were tested for normality (Anderson—
instantaneous kinematic event, so the maximum error dbarling) and homoscedascity, and descriptive data are
stroke duration was 16ms, which is about 20% of theresented as meanss£.M. The bootstrapping procedure was
maximum downstroke duration. Note that on average the err@arried out using S-PLUS 4.5 (MathSoft Inc. 2000).

will be 8 ms for determining stroke duration, which is half that

of the maximum.

(3) Wingspan. For each speed the lengths of the mid- Results
downstroke and mid-upstroke wingspan (wingtip to wingtip) The lowest air speed at which the swallows were consistently
were measured and the span ratio expressed as the upstrakée to maintain forward flapping flight was 4mhsalthough
span divided by the downstroke span. Lengths were obtaineshe swallow did fly briefly at 3.4m% At air speeds lower
using Mapinfo and a reference length of a known distance daan this the birds would adopt turning flight before settling
the bird was used to calibrate the values (see Table 1). Thr~~
downstroke and upstroke spans were calculated and averag 10
for each flight sequence. A

(4) Upstroke pauses. It was observed that in steady lev
flight swallows would occasionally pause for a fraction of a 9
second in the middle of the upstroke. The duration of thes
pauses was measured and averaged per wingbeat with pau
across the entire flight sequence. Not all wingbeats exhibite
such pauses and so we also noted the proportion of wingbe:i
with upstroke pauses. Due to the frame frequency (125Hz) «
the cameras, the minimum pause length that could be detect
was if the wing remained in the same position on twc
consecutive frames, representing a minimum time of 8 ms. Ot
measurements hence underestimate the duration of the pau
by a maximum of 16 ms and on average 8 ms.

(5) Body-tilt angle was calculated from lateral flight
sequences by drawing a line between the sharp angle of t
inner dorsal bill and the feathering and the tip of the centre
tail feather, and measuring the angle of this line relative to th
direction of airflow, given by the metal frame of the tunnel tes
section. Body-tilt angles at the end of the downstroke, mid

6 8 10 12 14 16

Wingheat frequency (Hz)
N
N

upstroke and the end of the upstroke were calculated ai 71 L
averaged for each flight sequence.

(6) Tail-spread angle and angle of attack were calculate 5 ' ' ' ' ' '
from ventral and lateral flight sequences, respectively. Talil 2 4 6 8 10 12 14 16
spread angle was calculated by drawing two lines out from tr Air speed (m 3)

centre of the tail (where it meets the body) to the tips of th~, _ N .
tail streamers. Care was taken to use only those images wh(9- 1 Wingbeat frequency showed a significant -curvilinear
the bird was in steady forward flight (not moving side to siderelatlo.nsmp (quadratic fun_ct|on) with air sPe?d .for bOt_h bird 1 (A)
. . ? and bird 2 (B) (General Linear Model, GLM; bird B1,g=126.88,
and jthe streamers were straight-sided. Three tail-spread aNYp<0 0001; bird 2:F1=84.83, P<0.0001). The equations for the
at mid-downstroke were measured and averaged for each fligitted curves are given in Table 2. The proportion of variande (
sequence. Tail angle of attack was measured in a similar Wiexplained by the statistical model was extremely high for both birds
to body tilt, measuring the angle of the line between th(96.9% and 96.1%, respectively). Values are measg.m. (N=5
proximal and distal ends of the central tail feathers to thflight sequences).
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Table 2. Equation of the fitted line for each of the analyses 0.64
conducted 0.601 A
Flight variable Bird Equation of the fitted line 0.56
Wingbeat frequency 1 12.56 —1\240.070/2 = .
2 11.85-1.09+0.063/2 e 0521 1.
t
Downstroke fraction 1 -0.24+0.14/~0.0053/2 E’ 048] | ¢ I {
2 —0.093+0.1¥-0.0029/2 S |
& 044
Wingbeat amplitude 1 48.00+543 g 0,401 { t { } {
(wrist) 2  40.90+51.1¢ = '
- s 036 " : . . ,
Wingspan = 2 4 6 8 10 12 14 16
Mid-downstroke 1  36.86-1.26-0.042/2 o
2 32.56-0.29y % 0.64 B
Mid-upstroke 1 19.85-1.29 g 060
2 18.13-1.19¥ g
Span ratio 1  0.63-0.0%9 % 0.56 { 3
2 0.58-0.03V S 052 i
Body-tilt angle 1 32.08-3.54+0.11\2 0 sl { {
2 39.37-5.79+0.25/2 } { P g
0.441
Tail-angle of spread 1  178.26-52\865.2V2-0.173
2 213.90-85.68+13.35/2—0.92/3 0.401
4
+0.024/ 0.36 ' ' ' ' ' '
Tail-angle of attack 1 75.97-18881.63v2-0.049/3 2 4 6 8 10 12 14 16
2 51.47-10.56+0.79%/2-0.019/3 Air speed (m 3)

Fig. 2. The downstroke fraction of the wingbeat cycle peviedus
The equations are described by the regression coefficiengjr speed for bird 1 (A) and bird 2 (B). Horizontal lines represent the
calculated by the General Linear Model (GLM). fraction of 0.5 where the downstroke and upstroke fractions are
V, air speed (ns). equal. For both birds, the relationship between downstroke fraction
and air speed was best represented by a quadratic function (GLM,;
bird 1: F1,6=176.08,P<0.0001; bird 2F1,7=21.45,P<0.01). Values
are means s.e.m. (N=5 flight sequences).

onto the base or sloping sides of the test section. The high
speed we were able to obtain film sequences for was 4 m¢
(bird 1) or 13ms! (bird 2). At air speeds higher than this the
birds would fly for very short periods of time, but typically fractions. The downstroke fraction decreased from near 0.50 at
would hold on to the net at the back of the test section antims?® to 0.40 at 14m$ in bird 1 (Fig. 2). Bird 2 showed
appeared unable to maintain sufficient flight speed. higher values with a similar decrease with air speed from 0.54
Data are presented graphically for the two swallowsat 4ms?to 0.45 at 12 m3, but with a somewhat higher value

separately. Statistics are given in the figure legends, arat 13msl

equations for the fitted lines are provided in Table 2. Wingbeat amplitude increased with air speed (Fig. 3A,B)
_ _ _ from approximately 70° at low speeds to over 120° at high
Wingbeat kinematics speeds. Wingbeat amplitude on the basis of wingtip

Wingbeat frequency ranged from 6.95 to 8.99Hz in bird 1movements yielded consistently higher values (approximately
and 7.07 to 8.42Hz in bird 2 and, for both birds, showed 40 ° higher) than shoulder joint—-wrist amplitude (Fig. 3A,B),
curvilinear relationship with air speed (Fig. 1). The quadratiéndicating that the wing bends at the wrist at the bottom of the
function of the relationship was derived from the regressiodownstroke. The duration of the downstroke increased between
coefficients, and differentiated to find the minima (wingbeatd ms? and 7ms! and then decreased with increasing air
frequency versus air speed). Bootstrapping was used tospeed (Fig. 3C). This pattern was more apparent in bird 1 than
generate a population of minima from the original data sebird 2, which showed a peak in downstroke duration at3ms
allowing 95 % confidence intervals to be estimated. Minimun{Fig. 3D). The angular velocity of the downstroke remained
wingbeat frequency speed for bird 1 was 8.89h(85%  fairly constant at low speeds untii an air speed of
confidence intervals: 7.88-9.90 M) and for bird 2 it was approximately 7m3 was reached, after which angular
8.66ms! (8.00-10.00md). The corresponding wingbeat velocity increased with air speed (Fig. 3E,F).
frequencies at these speeds were 7.04Hz (6.62—7.50 Hz) forwingspan was maximal at mid-downstroke and minimal
bird 1 and 7.11Hz (6.67—7.51 Hz) for bird 2. during mid-upstroke. Mid-downstroke wingspan decreased

The wingbeat cycle period, i.e. the duration of a downstrokeith increasing air speed from approximately 32cm at #'ms
and upstroke, was divided into upstroke and downstroke between 26cm (bird 1) and 29cm (bird 2) at the highest



air speeds (Fig. 4A,B). Mid-upstro
wingspan and span ratio increased f
4msl to maximum values at 5mks
Both measures then showed a gradua
near-linear decline with further increas
air speed until approximately 10—11 1,
after which wingspan and span r:
showed little change (Fig. 4C—F).

A pause during the upstroke of
wingbeat cycle was only observed at
speeds exceeding 8 mdor bird 1, anc
5ms?t for bird 2. At these spee(
upstroke pauses (8-56ms duration)
not always occur during every wingb
cycle but would often skip a fe
wingbeats and then resume. Runs
wingbeats with upstroke pauses typic
varied between 1 and 3, with a maxim
of 6 consecutive wingbeats contain
pauses. Both birds showed an ini
increase in the duration of the upstr
pause, up to an average at about 20r
10ms?! (Fig.5). The proportion ¢
wingbeats with an upstroke pause -
maximum at 61 % at 12 mfor bird 1,
and 69 % at 11 nt$for bird 2, with lowe
proportions below and above thi
speeds. The position of the wings dui
the pause was identical to that dui
mid-upstroke of wingbeats without
pause. Hence, during a pause the w
were held in a position so that some
(and drag) was generated. The win
showed an elliptical trajectory at spe
of 4, 8 and 12m3¥ when viewel
laterally, with the wingtip more anteri
during the downstroke than during
upstroke (Fig. 6A). The path of t
wingtip moved back along the horizor
axis of the bird with increasing spe
reflecting the fact that the wing w
increasingly flexed at higher air spee
From a rear view the wingtips also tra
an elliptical trajectory, with a more dis
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Fig. 3. (A,B) Wingbeat amplitude (wrist amplitude, filled circles; wingtip amplitude, open
squares) increased with air speed (wrist amplitude; GLM; birfeh $-276.05,P<0.0001,
r2=96.5%; bird 2:F1g=241.85,P<0.0001,r?=96.4%). The duration of the downstroke
(C,D) decreased, and the downstroke angular velocity (E,F) increased with air speeds
exceeding 7m3. A,C,E, bird 1; B,D,F, bird 2. Values are meansetm. N=4 at air speeds

11 and 13md (bird 2, D,F); all otheN=5 flight sequences.

position of the wingtip during the downstroke than during thevery low air speeds reached a maximum of 56.6 ° (bird 2) at
upstroke (Fig. 6B). At 12nT8, the dense cluster of filled 4ms71, although the average tail-spread angle at this speed
circles on the illustrated example indicates the position andias considerably lower (Fig. 8B). For both birds tail-spread

duration of an upstroke pause as observed (Fig. 6).

Body tilt, tail spread and tail angle of attack

angle decreased with increasing air speed until 7-8ms
whereupon it became relatively constant at approximately 6.4
° for bird 1 and 8.4° for bird 2 (Fig. 8A,B). The angle of

Body-tilt angle ranged from 5 to 21° from horizontal, attack of the tail to the direction of airflow also decreased
decreasing with increasing air speed (Fig. 7). Changes in awith increasing air speed, from 20-25° at 4t 1-5° at
speed from 4 to 6nté caused marked reductions of 12-14ms! (Fig. 8C,D). At the lowest air speeds, tail angle
approximately 40% in body-tilt angle. Once air speeds obf attack exceeded the body-tilt angle, whereas at air
11-12 ms! had been reached, body-tilt angle remained fairlyspeeds higher than 6 mis body tilt was greater than that of
constant at approximately 5-8°. The angle of tail spread dhe tail.
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Fig. 4. Mid-downstroke (maximum) wingspan (A,B) decreased with increasing air speépee€d of minimum wingbeat frequency.
although for bird 1 (A) this relationship was best represented by a quadratic function &&ing this method we obtaineds pa~0.03

for bird 2 (B), a linear function (GLM; bird 1F18=12.54,P<0.01,r2=85.9%; bird 2:  for both birds using the estimated speeds of
F1,6=63.42, P<0.0001,r2=88.8%). (C,D) Mid-upstroke (minimum) wingspan (GLM; minimum wingbeat frequency (see above).
C, bird 1:F1,9=73.37,P<0.0001,2=89.1 %; D, bird 2F1g=91.09,P<0.0001,2=91.9 %)

and (E,F) wingspan ratio (GLM; E, bird E1,6=67.61,P<0.0001,r2=88.3%; F, bird 2:

F1,8=86.72,P<0.0001,r2=91.6 %) also decreased with increasing air speed. Values are Discussion

means s.E.M. At airspeeds 11 nt& (bird 1, A,C,E) and 10n7$ (bird 2, B,D,F)N=4. The patterns of wingbeat kinematics

All other N=5 flight sequences. observed were strikingly similar in the two
barn swallows studied, suggesting that our
Estimating body drag coefficient results are general to barn swallows. The function of the tail
Pennycuick et al. (Pennycuick et al., 1996) assumed thatreamer in the barn swallow is a subject of much debate
speeds of minimum power and minimum wingbeat frequencyNorberg, 1994; Barbosa and Mgller, 1999; Evans, 1998;
are identical and used this assumption to indirectly estimate ttievans, 1999; Hedenstrém and Mgller, 1999; Buchanan and
body drag coefficient. They used the flight mechanical theorigvans, 2000), and aerodynamic modelling has been employed
of Pennycuick (Pennycuick, 1989a), from which it is possibldo investigate the possible effect of tail streamers on flight
to calculate the mechanical power required for flight andEvans and Thomas, 1992; Thomas, 1993). However, wing
characteristic flight speeds such as the minimum power spe&ihematics and aerodynamic performance of the swallow as a
(Vmp). By changing the body drag coefficie@ppa;, the  whole have, to date, been largely ignored. In horizontal flight,
mechanical power as calculated by the program will changeur study subjects flew readily from 4mdo 13-14mst,
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the wingtip on each frame, with 8 ms between the nearest circle™ SEM- (N=5).
The silhouettes illustrate the body posture at the upstroke
downstroke transition. with other species of similar size, the swallow has quite low
wingbeat frequency and relatively long wings that increase the
wing moment of inertia. Wingbeat frequency showed a clear
with steady flight for brief periods (<20s) at a maximum speed-shaped relationship with air speed, with minima at 8.9'ms
of 15ms?. Above about 7ms!, the tail was furled and the and 8.7 ms! for bird 1 and bird 2, respectively. A measure of
drag from the tail streamers would have been negligible. Thihe drag caused by the body (body drag coeffic@ta) is
area of two tail streamers beyond the trailing edge of the taiequired to calculate the mechanical power requirements of
is approximately 150 mféin a barn swallow, which is only flight in relation to air speed in birds (Pennycuick, 1989a). The
about 0.9% of the total projected area of the bird. At lowespeed of minimum wingbeat frequency is believed to be
speeds and during turning, the tail was spread and tail-angle ioentical with the speed associated with minimum poWgp)(
attack exceeded that of body tilt, probably increasing the liftfe.g. Pennycuick et al., 1996). Agreement between calculated
to-drag ratio of the whole bird (Thomas, 1993). Our result®/mp (using Cp,pay and observed wingbeat frequency can be
indicate that the tail as a whole probably has an aerodynamibtained by adjusting the value @b pas allowing a more
function at low speed and may provide an additional liftingrealistic’ estimate ofCp parto be calculated. Pennycuick et al.
surface. (Pennycuick et al., 1996) found that, to get a match between
calculatedVmp and minimum wingbeat frequency in a thrush
Wingbeat frequency and body drag nightingalelL uscinia luscinizand a teahnas creccaCp,parhad
The range of wingbeat frequencies observed during thi® be set at 0.08 rather than the ‘old default’ value of 0.4 (cf.
study (7—9 Hz) corresponds closely to the 8.2 Hz calculated byennycuick, 1989a). Using the same technique for the two
Pennycuick using a formula based on a barn swallows’ sizewallows, we found th&€p,par must be reduced even more to
and morphology (Pennycuick, 1996). Danielsen (DanielserQ.03. However, on considering the plots of wingbeat frequency
1988) measured 9.0 and 9.3Hz in two barn swallows om relation to speed (Fig. 1), one will note two minima, at
migration, i.e. showing a similar wingbeat frequency to ou7-8ms! and 10ms!, with slightly elevated values
swallows when flying in the higher speed range. Comparemhbetween. This pattern is present in both birds and can be

Fig. 6. Wingtip path of a characteristic wingbeat in lateral view (A
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attributed to the upstroke pauses observed at speeds ab@ssumes that the fibres of the pectoralis muscle restrict small
about 7-9 md, which causes the apparent wingbeat frequenchirds to a narrow range of frequencies where the efficiency of
to decline and shifts the speed of minimum wingbeat frequendpe muscle is maximum (Rayner, 1985). This second
upwards. Hence, the continuous flapping flight speed dfiypothesis implies that bounding is a means of adjusting the
minimum wingbeat frequency should be lower, and closer tpower output to the level required for a certain flight speed. In
the speed of minimum power than the apparent valuemebra finches, the wingbeat frequency increased from 25Hz at
estimated from Fig. 1. Hence, if the lower ends of the 95% ms (hovering) to 27 Hz at 14 m5(Tobalske et al., 1999),
confidence limits around the estimated minima are used f@ 12% increase compared with the 19% and 29% increase
speeds of minimum wingbeat frequency (7.88 and 8.08 msfrom minimum to maximum wingbeat frequency in the two
for bird 1 and bird 2, respectively), we déb pa—=0.05 and swallows in the present study. It is possible that differences in
0.04 for the two birds, respectively. Although swallows arethe relative ranges of wingbeat frequencies used over the same
streamlined birds, these values seem extremely low. range of speeds in zebra finch and barn swallow represent the
Pennycuick et al. (Pennycuick et al., 2000) developed a nevariation between a typical bounding species using continuous
technique for directly estimating the mechanical poweflapping and flap-gliding. The upstroke pauses seen in the
required to fly in birds. This method is based on the observatiswallows may be a way to adjust the force generation to the
that the birds’ body exhibits vertical movements, such that itequired level at medium and high speeds, and may perhaps be
raises its position in relation to the horizontal during theregarded as intermittent flap-gliding (cf. Danielsen, 1988).
downstroke, when most of the lift force is generated, and Amplitude increased with speed which, combined with
lowers its position during the upstroke. By measuring thelownstroke duration, yielded a nearly constant downstroke
amplitude of the humeral excursion and angular velocity of thangular velocity between 4 and 7 mh,swhich then increased
wings, Pennycuick et al. (Pennycuick et al., 2000) were ableith further increases in air speed. Changes of these parameters
to calculate the mechanical power output of a swallovare closely linked to the force generation of the wings and the
(swallow 1 of this study). The mechanical
power was only calculated for speeds 50

6-11msl; Cppar was set to 0.26 and t N=1 A B
profile power ratioXy to 2.25. These valur 5 40/
achieved the best fit between calculati @
of the mechanical power using the b @’ 30
drag coefficient and profile power ra g )
(Pennycuick, 1989a) and the aver 5 201 . 2
mechanical power derived from wind-tun £ { 3 4 ]
observations (see Pennycuick etal., 2000 € 10] §4 574443 T8 e .x,
details). TheVmp was estimated at 5.3 rmk jrising thE
for this swallow and these parame 0 . . . . . . . . . . . .
settings, which is clearly outside the 9! 2 4 6 8 10 12 14 162 4 6 8 10 12 14 16
confidence interval for the speed . 30
minimum wingbeat frequency (7.9-9.9 M § 25| C | D
see Results). Estimatin@p paron the basi g {
of wingbeat frequency, therefore, may no E 20 { {4t
valid in this species. 8
£ 15 | §
Flight mode and kinematics of wings ar "g 10. { | $
tail © I 4 { )
Many smaller bird species exhi § 5 1% t tL3d
bounding or intermittent flight, in whic = | s

bursts of wingbeats are followed by peri

without wingbeats (e.g. Rayner, 19 2 4 6 8 10 12 14 162 4 6 8 10 12 14 16

Tobalske et al., 1999). There are two n
explanations for the function of boundi
flight; the first postulates that the total d
taken over an entire bounding cycle is lo
than if the bird flapped its win
continuously because the profile drac
reduced by folding the wings for a fracti
of the cycle (Lighthill, 1977). The seco
explanation, the ‘fixed-gear hypothes

Air speed (m 8)

Fig. 8. Tail spread (A,B) decreased with increasing air speed, although for bird 1 (A) this
relationship was best represented by a cubic function, and for bird 2 (B) a quartic
function (GLM; bird 1:F17=17.61,P<0.01; bird 2:F1513.05,P<0.05). Tail-angle of
attack (C,D) also decreased with increasing air speed, and for both birds this relationship
was best represented by a cubic function (GLM; C, biteh }=8.36,P<0.05; D, bird 2:
F1,66.42,P<0.05). The angle of tail spread in some of the flight sequences for bird 1
(A) was obscured: the number of flight sequences for which tail-spread angle data were
obtained, therefore, varies between 1 and 5. All dilvér. Values are meanssi.m.



Barn swallow flight kinematic2749

power output (cf. Pennycuick et al., 2000). The wingtipspan during the upstroke declined even more than during the
showed an elliptical path when viewed laterally, with thedownstroke, resulting in the overall decline in span ratio. Even
centre of the ellipse moving back along the horizontal axis of the span reduction during downstrokes was quite small, it
the bird with increasing air speed. This is similar tomay be analogous to the wingspan adjustments in gliding flight
observations of pigeons at speeds of 10hasd above, but (Tucker, 1987). In gliding flight, reducing the span with
not magpies, which show no apparent differences in relation facreasing speed increases the overall lift:drag ratio of the bird,
speed (Tobalske and Dial, 1996). It is perhaps due to this thiay trading profile drag against required lift production. We
the pigeon and the swallow are more similar with respect tpropose that by reducing the span at high speeds the swallow
wing morphology than the swallow and magpie. will reduce the profile drag and yet produce enough lift to
The reduction in the degree of body tilt and tail spread witlovercome induced and parasite drag. This analogy does not,
increasing speed is similar to that reported for magpies arttbwever, apply to Pennycuick’s (Pennycuick, 1989a) method
pigeons by Tobalske and Dial (Tobalske and Dial, 1996). lof calculating the profile power as a multiple of the ‘absolute
addition, our data show that the tail angle of attack exceedsinimum power’ — a quantity that is proportional bo¥2,
body tilt at low air speeds, and decreases with increasing speedhereb is wingspan. Then profile power is always minimum
These observations suggest that there is an aerodynamitth maximum wingspan and there is no trade-off with induced
function of the tail at low speeds. Thomas (Thomas, 1996) usgubwer. In pigeons and magpies, also studied in a wind tunnel,
a simple aerodynamic model to argue that the power requirgde span during mid-downstroke was constant across a wide
for flight at low speeds can be reduced by increasing both ttspeed range (Tobalske and Dial, 1996). Other bird species with
degree of tail spread and the angle of attack. While there ahéggh aspect ratio wings, such as the arctic tSterna
broad similarities in the direction of change predicted by the@aradisaeaand skuasStercorariusspp., likewise flex their
model and that observed in this study, there are both qualitativeings and reduce their wingspan during downstroke when
and quantitative differences which indicate that modification®bserved in fast cruising or chasing flights (A. Hedenstrom and
to the model are required (M. R. Evans, M. Rosén, K. J. Paid. Rosén, personal observations).

and A. Hedenstrom, in preparation). Depending on size and structure there are many ways that
_ _ birds can adjust the lift and power output required in relation
Variable wing span to speed, including changing wingbeat frequency, wingbeat

Pennycuick (Pennycuick, 1989b) developed a method faamplitude, span and span ratio, body-tilt angle, tail-angle of
calculating the lift:drag ratio based on the ‘span ratio’, i.e. thattack, etc. Considering the plasticity in this system, some
ratio of the wingspan during the upstroke to that during theaution may be warranted when equating speeds of minimum
downstroke, assuming that the circulation of the wingtipwingbeat frequency and minimum power (cf. Pennycuick et
vortices and the lift distribution remains constant throughouél., 2000). There is a continuum with respect to flight
the cycle. A concertina wake concomitant with these propertidgnematics between continuous flapping flight and bounding
was observed in a kestféalco tinnunculugSpedding, 1987). flight, including the intermittent flap-gliding represented by the
A requirement for applying the simplified span ratio method taipstroke pauses seen in the swallows, and where a particular
calculations of effective lift:drag ratios is that the durations ofpecies falls on this continuum is determined by its size, and
the up- and downstrokes are the same (Pennycuick, 1989@jing and muscle morphology. These characters are, in turn,
which was obviously violated in our swallows (see Fig. 2). Thehe products of evolutionary adaptations moulded by a species’
span ratio declined with increasing speed from 0.5 at% msflight requirements.
to about 0.2 or less at 10-11mhsbut it was 0.4 at 4n7&

The lower value at 4n1% indicates that the upstroke is  We are grateful to Colin J. Pennycuick for discussions and
feathered at this speed and provides no lift, although theuggestions about swallow flight, and to Matthew Evans for
upstroke does provide small lift forces at higher speedsomments on a previous draft of this manuscript. Financial
(26ms?), as indicated by the observations of verticalsupport for K.P. was provided by NERC grant GR3/10600 to
accelerations of the body (Pennycuick et al., 2000). Th#1. R. Evans and the Swedish Natural Science Research
swallow body accelerated downwards during the wingCouncil and the Carl Tryggers foundation to A.H.

upstroke, although not as much as during a free fall, which is

evidence of an upward lift force. An interesting observation
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