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Summary

The avian pectoralis muscle must produce a varying
mechanical power output to achieve flight across a range
of speeds (1-181sY). We used the natural variation in
the power requirements with flight speed to investigate
the mechanisms employed by cockatiels Nymphicus
hollandicug) to modulate muscle power output. We found
that pectoralis contractile function in cockatiels was

(accounting for 65% of the variation) rather than by
muscle strain, cycle frequency or changes in the timing of
force production relative to muscle strain. Strain rate and
electromyogram (EMG) results suggest that the additional
force was providedyvia increasing pectoralis recruitment.
Due to their effect on the transformation of muscle work
into useful aerodynamic work, changes in wing position

generally conserved across speed and over a wide range ofand orientation during the downstroke probably also

aerodynamic power requirements. Despite the 2-fold
range of variation in muscle power output, many aspects
of muscle performance varied little: duration of muscle
shortening was invariant, and overall wingbeat frequency
and muscle strain varied to a lesser degree (1.2-fold and

affect the magnitude of muscle force developed for a given
level of motor recruitment. Analysis of the variation in
muscle force and airflow over the wing suggests that the
coefficients of lift and drag of the wing vary 4-fold over
the speed range examined in this study.

1.4-fold, respectively) than muscle power or work. Power

output was primarily modulated by muscle force Key words: cockatielNymphicus hollandicyglight, muscle, power.

Introduction

The goal of this paper is to investigate the underlyinghese general factors and their interaction over a wide range of
mechanism(s) by which birds modulate the mechanical powersagein vivo. Several recent studi@s vitro andin vivo have
output of their pectoralis muscle in relation to changingalso examined factors that influence muscle power output,
aerodynamic power requirements associated with varyingut these studies focus on maximal power activities (e.g.
flight speed. Because of its size and central role in windskew et al., 2001; Coughlin, 2000; Josephson et al., 2000;
depression and lift production, the pectoralis muscle producé#illiamson et al., 2001) rather than a broad spectrum of
most of the mechanical power required for steady flighfunction, such as bird flight over a range of speed.

(Rosser and George, 1986; Dial, 1992; Dial and Biewener, Two broad strategies can be used to modulate muscle power
1993; Biewener et al., 1998). The production of mechanicabutput in cyclical locomotor modes such as avian flight.
power is of central importance to various modes of locomotiornyluscle power output could be modulated by changes in
including swimming, flying and acceleration or climbing in wingbeat and muscle contraction frequency (strategy 1) or
a terrestrial environment (McMahon, 1984; Vogel, 1994).changes in the amount of work performed per cycle (strategy
However, the mechanisms that animals use to modulate pow@), Pectoralis work per cycle can, in turn, be modulated by
including variation in muscle force (or stress), length changehanges in the strain amplitude experienced by the muscle
(or strain), cycle frequency and the timing of force productior(strategy 2A), changes in the amount of force produced by the
within the shortening cycle, are not well understood. Theseuscle (strategy 2B) or other details of the contraction cycle
muscle properties are not mutually independent. Because tifat influence the force—strain trajectory such as the percentage
force—velocity effects, it is likely that trade-offs exist betweenof the cycle spent shortening, the timing of force production
the speed of muscle shortening and muscle force, as well edative to strain or the specific strain trajectory (strategy 2C;
between shortening amplitude and contractile frequenciskew and Marsh, 2001). A previous study of pigeons
(McMahon, 1984). Here, we investigate the importance ofColumba livig found that, over a broad range of flight
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performance ranging from descending and level flight to take- Animals and flight training
off and vertical climbing flight, pectoralis force only varied by  Five cockatiels Nymphicus hollandicu&err; 78.5+5.0g,
about 40%, much less than the >2-fold overall variation iﬁnean body mass S:D.) were purchased from a local licensed
power output (Dial and Biewener, 1993). The muscle’sanimal vendor and housed in a m¥2.7mx3.3m indoor
force-strain trajectory was also found to vary little overayiary at the Concord Field Station animal care facility
the range of flight conditions studied. Consequently, wgBedford, MA, USA), where they were provided with food and
hypothesized that modulation of muscle strain (strategy 2Alaterad libitum The birds were trained to fly over a range of
would be the primary source of variation in power output, withspeeds from ins1to 15m s in the Concord Field Station
secondary contributions from modulation of muscle forceyind tunnel (Hedrick et al., 2002). Training lasted one month,
(strategy 2B) and wingbeat frequency (strategy 1). comprising a minimum of five 30-min bouts of flight training
In support of strategy 2A, Williamson et al. (2001) foundper week. All individuals tended to fly in the upper forward
that differences in pectoralis power output during take-ofguadrant of the working section of the wind tunnel. Cockatiels
versusslow level flight in mallard ducksA@as platyrhynchgs  |earned to fly at a steady speed in the wind tunnel irday4
were modulated mainly by means of variation in muscle strairand were then exercised for at least three additional weeks to
Warrick et al. (2001) also observed significant variation inexpand the speed range over which they would fly steadily
muscle strain (1.3-fold) in the pectoralis of magpiP&d prior to data recording. The trained cockatiels were willing to
hudsonia) associated with the modulation of power outputfly for at least 10nin without rest at s At very fast
across flight speeds. In their study of pectoralis power outpy$13m s-1) and slow (<3n s1) speeds, the duration of flights
across different flight modes and during load carrying inthat the birds were willing to sustain was typicallymin. The
pigeons, Dial and Biewener (1993) found that muscle forcgnaximum speed of each bird was defined as the highest speed
varied 1.4-fold whereas muscle strain was estimated fromt which it would voluntarily maintain its position in the wind
kinematics to vary 1.3-fold. Hence, both factors contributedunnel for 30s. All training and experimental procedures were

similarly to the 2.3-fold variation in power output, suggestingapproved by the Harvard University Institutional Animal Care
that birds may employ a combination of strategies 2A and 2Bnd Use Committee.

(strain and force) to modulate work and power output as a
function of flight speed. Shifts in the timing of muscle force Surgical procedures
production with respect to muscle strain, included here as Following training, the birds were anesthetized using
strategy 2C, were found to mediate the shift from minimalsoflurane administeredria a mask in order to implant
muscle power production in level running in turkeyssterilized sonomicrometry muscle length transducers,
(Meleagris gallopavpto positive power production in uphill electromyography (EMG) electrodes and a deltopectoral crest
running (Roberts et al., 1997). However, flying birds mus{DPC) bone strain gauge. Once an appropriate plane of
always produce positive power and may optimize the timingnesthesia was achieved, the feathers over the left shoulder,
of muscle forceversusmuscle strain for power production at upper back and left mid-anterior region of the pectoralis were
all speeds. Finally, although the vortex theory of avian flightemoved and the skin surfaces disinfected with betadine
(Rayner, 1979a,b) assumes that wingbeat frequency is fixelution. A 2-cm incision was made over the ventral surface of
for a given species, it necessarily suggests that a changetire pectoralis and a 1-cm opening was made in the skin
frequency would have a strong influence on aerodynamiover the animal's back. These allowed the EMG and
power output. As certain bird species are known to vargonomicrometry crystal electrodes to be passed subcutaneously
wingbeat frequency moderately with speed (1.2-foldithrough the axilla and beneath the wing to the opening over
Tobalske, 1995), it is likely that some combination of thethe pectoralis. One pair of 1-mm sonomicrometry crystals
strategies described above is used to modulate power out@®onometrics, Inc., London, Ontario, Canada) and a bipolar
during flight. EMG electrode were then implanted parallel to the fascicle axis
In this study, we measuréd vivo pectoralis power output of the mid-anterior region of the sternobrachial (SB) portion of
in cockatiels flying across a wide range of speeds in a wintthe pectoralis (FiglA). In this region, the fascicles originate
tunnel and examined the variation in power due to the fouirom the keel of the sternum and pass directly to the muscle’s
different strategies described above. We also combined oursertion on the ventral surface of the DPC of the humerus.
muscle power analysign vivo with a high-speed, three-  The avian pectoralis is well suited for making vivo
dimensional (3-D) kinematic analysis to investigate how theneasurements of fascicle length change by means of
observed changes in muscle power were applied to ttenomicrometry because of the parallel organization of the
environmentvia the wings. muscle’s fibers at its superficial surface. In all birds, the
sonomicrometry crystals were implanted at a depth of
appoximately 4nm beneath the superficial fascia of the
Materials and methods muscle and at a distance of 8-fith apart. Small openings
The materials and methods employed in this study generalfyarallel to the fascicles were made by puncturing the surface
follow those used in Tobalske et al. (2003) but are moref the muscle and spreading with small, pointed scissors. After
completely described here. inserting each sonomicrometry crystal and aligning them to
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Fig. 1. (A) A depiction of the pectoralis muscle, its attachment to the humerus at the deltopectoral crest (DPC) of the hurimeples;tadd
transducers. A pair of sonomicrometry crystals was implanted in the proximal portion of the pectoralis, and an EMG elecplzadedva
between the two crystals. A metal-foil strain gauge was attached to the dorsal surface of the DPC of the humerus. Wirésegem al
transducers were passed subcutaneously to a customized miniature plug attached to the bird’s back. (B) Sonomicromewyngodratactr
(EMG) recordings are shown for three successive wingbeatsna 7 The time course of pectoralis shortening (downstroke) is shaded in
gray. (C) Pectoralis force recorded by the strain gauge and-&Ris (vertical) motion of the wrist and wing-tip obtained from a 3-D
reconstruction of digitized markers based on H25lorsal and lateral camera views.

ensure a maximum signal quality, these openings were suturegeed of sound transmission in skeletal muscle (&tgd;
closed with 6-0 silk. A 4-0 silk suture was used to tie down th&oldman and Hueter, 1956) and an offset adjustment of
sonomicrometry lead wires a few millimetres away from thet0.16mm for the faster sound movement through the epoxy
implantation site for strain relief and to eliminate movementens of the 1.9nm crystals, as well as an3s correction for the
artefact in the recorded signals. A fine-wire bipolar silver hoolphase delay introduced by the amplifier’s filter. We verified the
EMG electrode (0.5-mm bared tips with 2-mm spacing5 ms phase delay using a signal generator and oscilloscope.
California Fine Wire, Inc., Grover Beach, CA, USA) was Measurements of length chandg)(@are made between the two
implanted immediately adjacent to the sonomicrometrycrystals; the resting length of the muscle fascidles) was
crystals to confirm that length change recordings representel@fined as the length that was recorded at the end of the flight
activated muscle fibers. The EMG electrode was inserted atsequence, after the bird had landed on the perch and remained
shallow angle parallel to the fascicle axis using a 23-gaugat rest with its wings held at its sides. This was also verified
hypodermic needle and anchored by a 6-0 silk suture at the ekiy obtaining post-mortem length recordings. Fractional length
point from the muscle’s surface. A second tie was also madshange, or fascicle straig)( was determined &sAl/Lrest TO
further back, close to the keel of the sternum, with a small loopalculate muscle work and muscle power, total fascicle length
of wire between the two ties that served as strain relief anchange AL) was calculated asL=¢cL g (whereLg is the resting

helped to reduce movement artefact in the EMG signal. length of the entire fascicle along which the crystals were
_ implanted). Measurements @i therefore assume uniform
Sonomicrometry length change along the entire length of the fascicle. Following

Sonomicrometry provides a direct measurement of musclihe completion of the experimental recordings, we performed
fascicle length change by recording the transit time of a seri@s post-mortem dissection to verify the alignment of the
of ultrasonic sound pulses that are emitted by one crystal asdnomicrometry crystal implants with respect to the fascicle
received by the other of a pair. Use of the Triton 120.2xis using a protractor. In all cases, the crystals were found to
sonomicrometry system (Triton Technology Inc., San Diegobe well-aligned (£2° with the muscle fascicle axis, rendering
USA) requires a positive 2.7% correction to account for fasteslignment errors of muscle length change insignificant).
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DPC strain recordings of muscle force speeds of up to 1M s in the wind tunnel, none of the

In addition to implanting sonomicrometry and EMG individuals were able to attain this speed following surgery and
electrodes within the pectoralis, we also attached a singith the additional drag of the data cable and plug.
element metal-foil strain gauge (FLE-1, Tokyo Sokki ]
Kenkyujo, Ltd, Tokyo, Japan) to the dorsal surface of the Wind tunnel
deltopectoral crest (DPC) of the cockatiel humerus (F4J. The Concord Field Station wind tunnel is an open-circuit
This was done by making a small {h@n) incision over the tunnel with a closed flight chamber (Hedrick et al., 2002).
left shoulder and reflecting the overlying deltoid muscle tdBriefly, it has a working section 1r@x1.2m in cross-section
expose the bony surface of the DPC. The strain gauge and &8d 1.4m in length and can operate at wind speeds from
lead wires were passed subcutaneously and deep to the deltdith s to 28.5m s1. Average variation in mean flow velocity
muscle to the DPC installation site. After lightly scraping thewithin the working section is 1.03%, and average turbulence
overlying periosteum with a scalpel and drying the bonds 1.10%. In order to make our measurements, obtained under
surface with a cotton applicator dipped in methyl-ethyl-ketonethe atmospheric conditions of the tunnel’s location in Bedford,
the strain gauge was bonded to the dorsal surface of the DP@A, USA (58 m above sea level; mean air temperature during
perpendicular to the humeral shaft, using a self-catalyzingata collection was 26.1°C, and air pressure was Kiaj}
cyanoacrylate adhesive. Strain recordings obtained from tre@mparable with measurements obtained from studies
DPC were used to quantify pectoralis force generation undénvolving wind tunnels at other locations, we followed
in vivo flight conditions (see below). During the downstroke,Pennycuick et al. (1997) in reporting equivalent wind speed
the DPC is pulled ventrally by the contracting pectoralis, s§Ve) rather than true wind speed:
that the dorsal surface develops a principal axis of tensile stra
that is nearly perpendicular to the long axis of the humeru Ve= \/Zq/po, @)
(Dial and Biewener, 1993). This makes the strain gaugc
sensitive to forces produced by the pectoralis but not to oth&hereq is the dynamic pressure (Pi), po is air density at
muscle or aerodynamic forces transmitted by the bone betwe&ga level (1.22&g m=3) andu is wind speed.
the elbow and the shoulder. _ i ) )

Following implantation of the DPC strain gauge and the Video recording and 3-D coordinate reconstruction
muscle electrodes, all of the wounds were sutured closed. A Flight trials were recorded using two synchronized, high-
customized miniature back plug, previously soldered to thépeed digital video cameras (Redlake PCI 500) operating
transducers’ lead wires and insulated prior to surgery, wedl 25Cframess or 125framesst with a shutter speed of
anchored to the skin and vertebral ligaments using 3-0 silk. ThHe1250th of a second. The lower recording frequency was used
animals were then allowed to recover fortgrior to making for later trials in order to double the recording duration to

experimental recordings in the wind tunnel. facilitate analysis of a greater number of wing beats, as it was
_ _ not found to have a significant effect on our kinematic analyses
Flight recordings (see below). One camera was placed lateral to the flight

Experimental recordings of pectoralis EMG, fascicle lengttchamber and the other above and behind it. The camera data
change and DPC strain were made during the following dayvere synchronized with the sonomicrometry, strain gauge and
These recordings were made by connecting the animal toEEMG data by recording the camera’s digital trigger together
lightweight multi-lead cable that ran a distance of from the  with the muscle signalgia the A/D converter. The cameras
back connector on the animal to a small (&i@bdiameter) were calibrated using the modified direct linear transformation
opening at the top of the wind tunnel’'s working section. Thé€DLT) technique with a 54-point calibration frame (measuring
combined mass of the data cable section within the wind tunnél624mx0.90Cmx0.70Cm in xyz coordinate space) that was
and the back plug was 148 or 15% of the animal’s body recorded at the end of each set of trials (Hatze, 1988). Trials
mass. This lightweight cable connected to a heavier, shieldedere recorded at flight speeds of 1371 in 2ms?
cable that ran to the recording amplifiers (Micromeasurementatervals. Flight speed sequence was not restricted to a
Vishay 2120 strain gauge bridge amplifier; Grass P-511 EM@articular order and the birds were allowed to rest between
amplifier; and Triton 120.2 sonomicrometry amplifier). Thetrials as necessary to maintain satisfactory performance
outputs of each of these amplifiers were sampled by an A/Qypically 2-Emin of steady flight).
converter (Axoscope Digidata 1200) akl3z and stored on a  Three points (dorsal and ventral surfaces of the shoulder,
computer for subsequent analysis. Muscle strain and foragrist and tip of the ninth primary) were identified on the right
recordings were subsequently filtered with aHg0digital  wing of each bird using 5-mm-diameter circles of white tape
Butterworth low-pass filter to remove high-frequency noisemarked with a black center dot. In addition, markers were
EMG recordings were filtered with a 252 digital placed on the back plug where it attached to the dorsal midline
Butterworth high-pass filter to remove low-frequency artefactshetween the wings and at the base of the tail. Flight sequences
Recordings were obtained over a range of speeds for eachnsisting of a minimum of three successive wingbeats with
animal (Ims?, 3ms? 5ms? 7ms? 9ms? 11ms?! minimal lateral and vertical movement within the flight
and 13ms1). Although the cockatiels were trained to fly at chamber (within-chamber speed <31 were selected
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from the video data and digitized using custom softwar¢l00mgkg=1, i.v.) in order to obtain morphometric
written in Matlab v.5.3 (The MathWorks, Natick, MA, USA). measurements. These included pectoralis mass, fascicle
In the few cases where sequential wingbeats with minimdéngth and pinnation angle, wingspan and mean wing chord
change in wind tunnel position were not available, we selecte@ablel).

additional wingbeats from the recorded flight sequence,

digitizing at least three wingbeats for each individual at eachAerodynamic power analysis and muscle power calibration

speed. In trials that were recorded at P&)Q we digitized Aerodynamic power Raerg produced by the pectoralis
every other frame, resulting in an effective video recordingnuscle was estimated on a per-wingbeat basis from the 3-D
frequency of 1251z for all trials. kinematic reconstruction by summing separate estimates of

The raw coordinate data obtained from the digitized trialsnduced Ping), profile Ppro), parasite (Fa) and climb power
were resolved into a single 3-D space using the DLTdEp/dt, whereEp is potential energy andis time) for each
coefficients derived from the calibration frame (Hatze, 1988)video frame then integrating over a complete wingbeat cycle
In addition to resolving the dorsal and lateral 2-D camera viewgypically 13-18 frames):
into a single 3-D space, the DLT method also corrects fo
parallax and other lens distortions. Individual points having
a DLT root mean square error (rms error) two standarc
deviations greater than the median rms error for that point
(approximately 4% of the points) were removed prior to
analysis. Median rms error ranged from & for the Ppar=1pCp paVi® 3
shoulder marker to 6.62m for the ninth primary tip. (Rayner, 1979a,b), wherg is air density,V; is the sum of

Occasionally, a point was not in the view of both cameras.toctive air velocity in the tunnel working section and any

resulting i.n agap i_n the reconstructed ppint sequence, th‘farward or rearward motion of the bird, a@hpar is the
ogcurred n ap proximately 5.%.0f the points d|g|t|.zed. Al arasite drag coefficient, which was estimated according to
points were filtered, and missing or dropped points wergaayner (1979a; equations 17 and 20). We added the power

interpolated with a quintic spline fit to known rms using therequireol to overcome drag from the data cabl®ga Drag

Generalized Cross Validatory/Spline (GCVSPL) PrograMt.,,y the cable was measured by attaching the cable to a

(Woltring, %986)' Th|s method. USes the rms from thg I:)I‘Tpiezoelectric load cell (Kistler 9203) placed in the wind tunnel,
reconstruction to filter the positional data and then fills an

. . o . Wyith the cable positioned above the load cell to its exit point
gaps with a quintic spline interpolation. The results from thi

. C . . Jrom the working section to simulate its position above the bird
technique were similar to those obtained by smoothing thﬁ1 flight

positional data using a 31z digital Butterworth low-pass
filter. However, the quintic spline method also allows direct
calculation of velocity and acceleration derivatives from the

dEp
Paero= Ppar+ Pind + Ppro + a (2)

Parasite power was estimated by:

We estimated induced power as:

spline curves, providing the most accurate method fo Pind = (20A0)2 Kind , )
obtaining higher order derivatives from positional data
(Walker, 1998). where T is thrust, Ag is actuator disc area, arighd is the
induced power correction factor (Wakeling and Ellington,
Morphological measurements 1997).Ag was calculated by:
After experimental recordings were completed, the animals Ao = gR2coS | (5)

were euthanized by an overdose of sodium pentobarbitol

where@ is wing stroke amplitudeR is wing length, and is

the angle of the stroke plane relative to vertical. We used an
induced power correction factokng, of 1.2 (Pennycuick,
1975). We calculated the thrust required as:

Tablel. Morphometric data for the cockatieNymphicus
hollandicu3 and experimental conditions

Variable Mean 1s.D.
P
Body mass (g) 83.0+5.0 T =~ Mpg + MpZ - par (6)
Total pectoralis mass (g) 16.9+0.6
\'j\‘/"?sc'de length (mm) 4(3334'(;9f§i00 (Wakeling and Ellington, 1997), whegds acceleration due to
W:Eg ?r)]?? d(E?nT]i) 70 '2;3 0. gravity, My is body mass an#is vertical acceleration of the
_ g B bird as measured by the 2nd derivative of a quintic spline fit
Air temperature (°C) 26.4x1.7 to thez-axis position of the dorsal marker on the bird.
Air pressure (kPa) 100.6£0.3 Profile power was estimated by:
Air density (kgm3) 1.17+0.01
25
N=5 in all cases. Measurements were made with the wings spread Ppro= 22 1pVi¥Cp pradi ©)

as in mid-downstroke. -1
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where V;j is the total velocity (including velocity due to decreased from 1.2 to 1.0, a@gl parandCp,proWere decreased
flapping) of wing sectioi Cp,prois the profile drag coefficient, by 50% to 0.065 and 0.01, respectively; for the high-power
assumed to be 0.02, amdis the area of the wing section case,kind was increased to 1.4, arith par and Cppro Were
(Rayner, 1979a,b; Norberg, 1990). increased by 50% to 0.195 and 0.03, respectively. This allowed
After estimating the aerodynamic power requirement for ais to bracket the likely range of pectoralis power that might be
given wingbeat, we compared this value to the uncalibratedbserved at any particular flight speed. Had we used the ‘pull’
muscle power for that wingbeat and calculated the correctiocalibration technique in this study, the power output results
factor,F, necessary to make uncalibrated muscle power equalould have been similar in magnitude to the low-power
to aerodynamic power. Because the only unknown in thaerodynamic calibration but would have exhibited greater
conversion from uncalibrated to calibrated muscle power is iter-individual variation. Finally, although the calibration
constant term converting strain gauge voltage to newkoiss, factorF is necessary for calculating the magnitude of muscle
the strain gauge calibration constant. For each bird, wpower output, it does not affect the percentage variation in
calculated a mednfrom at least five wingbeats at flight speedspower across speeds with respect to the mean power. This
of 7ms1and 8m s1and used this medhto calibrate muscle makes our analysis of the factors contributing to variation in
power for all wingbeats at all speeds for that individual. Wepower output insensitive to differences in the valu€.of
used these speeds to calcul&tebecause the assumptions
employed in the aerodynamic power calculation are mostPotential effects of wind tunnels on bird flight performance
reasonable at intermediate flight speeds. The mean coefficientConditions within a wind tunnel undoubtedly affect bird
of variation (CV) ofF was 12.5+5.0% within individuals. All flight performance (Rayner, 1994). The unusual surroundings,
calculations were performed in Matlab v.5.3. noise and lights have unknown effects upon performance, and
We adjusted the strain gauge calibration constant using thvee tried to minimize these effects with adequate acclimation
aerodynamic power method as described above rather thand training of the birds. Additionally, the wake of the bird
using the direct ‘pull’ calibration method we have used in thenay circulate within the flight chamber, reflect off the walls of
past (Biewener et al., 1992, 1998; Dial and Biewener, 1993})he closed-section flight chamber and interact with the bound
We adopted this approach because we found our previog#culation on the wings. Due to this phenomenon, flight speeds
method to be unreliable owing to the difficulty of accuratelyand mechanical power requirements are expected to be less in
representing thén vivo transmission of tensile force by the a closed flight chamber compared with free flight without
pectoralis to the base of the DPC in this and another (ringegtound effect (Rayner, 1994). The effects of wake reflection
turtle-dove, Streptopelia risoria species. Repeated pull are expected to decrease with increasing flight speed. Wind-
calibrations performed on the cockatiels had a mean CV dtinnel effects are well documented for fixed-wing models
24.5+11.0% among individuals. By directly pulling along the(Barlow et al., 1999) but not for birds engaged in flapping
superficial surface of the muscle beneath its insertion site, foréght. One study that compares wind tunnel and free flight
transmission is likely biased to the more distal region of th@erformance in a bird suggests that mean wingbeat frequency
DPC. To the extent that this occurs, this will increase thés lower in the field, and other wing kinematics exhibit slight
bending moment applied to the DPC and result in awlifferences between tunnel and free flight (Tobalske et al.,
underestimate of strain-calibrated force. In addition, this997).
calibration method can give varying force—strain slopes for Aerodynamic corrections for bird flight in a closed-section
differing cranio-caudal orientations of pull, which may also bewind tunnel take into account the ratio of the diameter of the
problematic given the varying orientation with which theflight chamber to the wingspan and also the position of the bird
pectoralis can pull on the DPC due to its own fiber architecturimside the chamber. The chamber diameter:wing-span ratio was
and the changing elevation and depression of the humer@s8 for the cockatiels, and they generally flew near the
during the wingbeat cycle. horizontal mid-plane or slightly above. This position equates
We evaluated the accuracy of the aerodynamic powep h/H values that ranged from 0 to 0.25, whigiie altitude of
calculated from 2561z versusl25Hz video data by digitizing the body above the midline of the flight chamber, &hib
results at several speeds at BBH) calculating the vertical height of the flight chamber (Rayner, 1994). Using
aerodynamic power, then reducing the data to H2%y  Rayner's (1994) model, for these animal dimensions and
selecting every other point and re-calculating the aerodynamositions, minimum power and maximum range speeds may
power. In each case, the aerodynamic power estimates for thave been reduced by 3%, and mechanical power at these
two different recording frequencies were within 5% of onespeeds may have been reduced by up to 10% relative to the
another and not significantly different [analysis of variancesame speeds in free flight. Given the uncertain nature of these
(ANOVA), d.f.=13,P=0.72]. Consequently, we concluded thatadjustments, we do not make any corrections for wind tunnel
a 125Hz video acquisition frequency was sufficient for this effects in the results we report.
study. We also examined the influence of our aerodynamic
assumptions orF by recalculating the aerodynamic power Statistical analysis
results using alternative ‘low-power’ and ‘high-power’ values Comparisons across individuals and speed were performed
of kind, Cp,pro @and Cp,par In the low-power caseking was  using repeated-measures ANOVA. Least squares and multiple



regression statistics were used to examine the effect a
importance of different factors both within and among
individuals and speeds. In cases where we examined a ser
of sequential wingbeats, we tested for serial autocorrelatio
using Durbin’sh test (Durbin, 1970). When autocorrelation
was detectedR<0.05), we removed it by sampling every other
wingbeat from the original data set, which redudedo
acceptable levels in each case. We also employed Fishe
protected least-significant difference (PLSD) in certain
pairwise comparisons and used a path analysis to place t
multiple regression results in the context of a general modk
for muscle power output (Sokal and Rohlf, 1995). Statistica
analysis was performed using Stata 6.0 (Stata Corporatio
College Station, TX, USA)P values of<0.05 were used
to denote significance. We report meanss.s#. among

individuals, which were obtained from a minimum of 17 and _o.05 -0.04-0.3-0.2-0.00L 0

a mean of 46 wingbeats per individual per flight speed.
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Fig.2. A timing histogram relating the timing of electromyogram
Results (EMG) activity, muscle length change, muscle force production and

In vivo patterns of pectoralis force, length change and neuralkinematic data for an individual bird flying an7s™%. The zero time
activation is set to the time at which maximum force occurred, which

. . corresponds to mid-downstroke. The bars on each rectangle indicate
We found that the cockatiel pectoralis underwent large P g

. standard deviation. Additional data on the variation across speeds in
strains (0.39+0.03; rangg, 0'34_0'44’) and developed forges the relationship between EMG onset time, muscle shortening and
up to 39N (29.5+6.0) during contraction over a range of flightforce production are given in Taige
speeds. Although the general features of the contraction cyc
(Figs1B, 2, 3) are consistent from wingbeat to wingbeat an
across speeds, the precise timing of the events varied amoragge studied, becoming slightly greater and more variable at
successive wingbeats at the same flight speed and amohigher flight speeds (TabB). Muscle activation typically
speeds. EMG activation preceded the onset of muscle foroentinued until slightly before or after the muscle reached
production by an average of 7.8tk and did not vary maximum force (Fig2). Activation duration averaged
significantly with speed (Figk, 2; Table?). Activation 54.0£6.1ms and did not vary significantly with speed
preceded the start of muscle shortening by an average @fable2). Muscle shortening and force production ended
13.2+2.4ms. This lag varied by a factor of 1.7 over the speedimultaneously at all flight speeds.

0. A 1ms? B 7ms? C 13ms?
Powver: 150 W kg 79W kgl 180 W kgt
Duration: 0.102's EMG 0.129s 0.110s
w0 Shape facor: 0.68 actvity 0.64 0.60
z
8 20 3
(o]
LL
10 -
0 N J S~ J
0.8 1.0 1.2 14 0.8 1.0 1.2 1.4 0.8 1.0 1.2 14

Length changel(Ly) Length changel(L) Length changel(L)

Fig. 3. Whole wingbeatn vivo work loops obtained from an individual cockatiel flying at (A%, (B) 7ms? and (C) 13ns The
direction of each loop is counter-clockwise, resulting in positive work. Pectoralis mass-specific power output, wingbeataddratimrk
‘shape factor’ are noted in the upper left for each loop. The shape factor quantifies work loop shape by dividing thepaataal byathe
theoretical maximum area for the observed peak force and length change.
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0.38+0.04 0.34+0.05 0.36+0.08 0.39+0.08 0.42+0.05 0.44+0.06 7.308

0.41+0.06

Total pectoralis length changde) (

Peak pectoralis force (N)
Wingbeat duration (ms)

0.00(%*

0.0001*

7.544
7.927
0.821
14.18

1.
1.02

27.0£8.2 22.3+5.2 23.3x4.2 28.3+x4.5 34.6+5.3 38.9+4.9
119.5+3.8 133.948.6

118.1+8.4

31.8+9.1
109.0+6.0

0.0881*

0.5645

0.00

122.5+5.8
66.1+3.9

135.0+7.8
67.4+5.2

130.9+6.4

66.6+£3.1 66.9+4.3 67.7£6.8

70.2+4.2
47.9+6.3

50.3+8.7

67.2+2.5

Downstroke duration (ms)
Upstroke duration (ms)
EMG duration (ms)

'g}*

0.2620
0.48888

56.4+6.1
50.2+4.4
6.6+1.04

13.9+4.7

67.5%6.6
57.4+8.6

7.
14.7+4.6

66.3+4.2
61.7+17.9

7.

64.0+4.6
59.5+19.8
6.6+

52.9+3.2
54.5+12.6

41.8+4.0
48.1+7.9

72

6+2.7

2.2

1.0

8.6+3.8
12.4+1.5

8.7+4.3

9.4+4.9
10.7£1.4

EMG onset to force production (nis)

s
¢
o
o

5.45

16.0+4.2

15.2+3.1

9.7+1.3

EMG onset to pectoralis shortening (ins)

Work loop shape factor

0.4398

1.01

13.12

0.54+0.05
6.73+0.98

0.53+0.05
6.20+0.80

0.55+0.05
5.77+0.98

0.56+0.06
5.43+£1.07

0.55+0.06
5.19+0.81

0.53+0.06
5.42+0.77

0.52+0.08
6.11+0.87

X
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=2).

5 (" indicatesN
Significant effects of flight speed at tAe0.05 level after a Bonferroni correction for the table are marked with an asterisk (repeated-measures ANOVA with indigpeetiad.f.

Values are inter-individual meansso.; N

:6)

Wing kinematicsersus in vivgpectoralis length change

We found that kinematic measurements of downstroke
initiation and duration differed from those obtained
sonomicrometry (Fig2). Both the wrist and wing-tip motion
in the vertical axis lagged muscle shortening, with a greater lag
at the end of the downstroke than at the start. The wing-tip had
a noticeably greater lag (12.5+311s), possibly due to bending
of the feathers at the beginning and end of the downstroke
(Fig. 2). However, wrist motion also lagged muscle contraction
by a small margin (3.9£3.2s). This lag is probably due to (1)
long-axis rotation of the wing causing vertical movement of
the wrist, (2) movement at the elbow joint and (3) the difficulty
of precisely tracking the relatively small amplitude motions of
the wrist. Although the difference between the sonomicrometer
and video sampling frequencies (5088 versus 125Hz)
could contribute to the observed lag between muscle
shortening and kinematics, we found that video trials digitized
at 250Hz compared with 126z had no observable effect on
the lag between these variables. Use of wrist kinematics, rather
than direct recordings of pectoralis shortening, therefore,
results in a shorter estimate of downstroke duration (mean
reduction for all flight speeds: 19%) and corresponding longer
estimate of upstroke duration.

Pectoralis power output

We measured the pectoralis power output by dividing the
muscle work performed in a wingbeat cycle by the cycle
duration;in vivo mechanical work performed by the pectoralis
during a wingbeat was quantified using the ‘work loop’
technique (Josephson, 1985). In most wingbeats, the work loops
were wholly positive (Fig3). On occasion, a very small (<1.5%
of the total area) negative work region of the loop occurred at
the start of muscle shortening. However, only positive work
contributes to aerodynamic power (Askew et al., 2001) and we
based all further analyses of work on the positive component
only. As previously reported (Tobalske et al., 2003), pectoralis
power output varied 2.1-foldP&0.0001) over the range of flight
speeds examined in this study (M4, Table2) and was
greatest at the slowest and fastest speeds testeg{land
13msY). The cockatiels’ minimum power speed flying in the
wind tunnel was BnsL, and their maximum range speed or
minimum cost of transport occurred am®-L. The overall
relationship between muscle mechanical power output and
speed was generally-shaped, similar to that predicted by
aerodynamic theory. The relationship of powersusspeed
was similar for the individual birds studied (F4B). Variation
in power output among sequential wingbeats within a bird at a
given speed was generally large (mean CV=0.19) and was
minimized at the intermediate speed ofm5?® (mean
Cv=0.13). We report power output as the mean of
measurements obtained fet7 individual wingbeats of each
bird flying at a given speed (Tal#g

Wingbeat frequency and pectoralis duty factor

Wingbeat duration varied significantly by a factor of 1.2
across the range of speeds studied &igable2). Maximum
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i’ ¢ so}
S 60} 4110
% 40 . . . - - - 0.7 or
% 0 2 4 6 8 10 12 14 60 ) ) ) ) ) ) ,
=2 Flight speed (m4) 0 2 4 6 8 10 12 14
§ B Flight spea (m s)
o 200f Fig.5. Variation in pectoralis power, pectoralis work and wingbeat
g frequency across flight speeds. All values are inter-individual means
§ (N=5 for each speed) normalized as a percentage of the overall mean
150+ for each parameter. Standard deviations are not shown to improve
) clarity (these are presented in TaB)e These data show that
pectoralis power is determined mainly by changes in muscle work
100t 1 per wingbeat and not by wingbeat frequency.
0 . . duration of the two phases was approximately equal at
0 > 10 intermediate speeds (7-fris1). We found similar overall
Flight speed (m3) patterns when we measured upstroke and downstiakbe

Fig. 4. (A) The relationship between mechanical power output ané’emCal mpt|on of the wrist in the 3-D kinematic
flight speed expressed as inter-individual meas®(N=5 for each ~ '€construction rather than muscle length change, but the
speed; mean and minimum wingbeat sample sizes were 46 and {¢lative durations of the phases differed between the two
respectively, across all individuals). Pectoralis force recordings wer@ethods  (Fig6).  Downstroke  duration  measured
calibrated using an aerodynamic power analysis at two intermediakinematically was also constant across speeds but was shorter
flight speeds (fnst and 9ms). The broken lines indicate the by an average of 12.9+2m s1 (13% of the wingbeat cycle)
possible range of variation in muscle power output given varyingand upstroke was correspondingly longer. This shift was
aerodynamic assumptions. (B) A power curve for an individuakyfficient to make kinematic upstroke equal in duration to

cockatiel showing within-individual means £p. (mean and  jownstroke at slow speeds and fast speeds and much greater
minimum sample sizes were 50 and 19 wingbeats, respectively, PEf intermediate speeds (F&B)

animal for each speed). The cockatiels tended to repeatedly gain and . . . .
lose potential energy while flying in the wind tunnel, leading to large Although wingbeat frequency varied with flight speed,

variation in per-wingbeat power output at all but the fastest speedg.ownStere duration did not. Therefore, _the duty cycle of the
We restricted our analysis to sequences of wingbeats with no nBgctoralis, the percentage of the wingbeat cycle spent

change in potential energy but allowed individual wingbeats tha$hortening, was not independent of wingbeat frequency.
resulted in a change in potential energy. Pectoralis duty cycle varied from 61.5+3.2% of the cycle at

1ms1to 49.6+2.9% at 1ins1, following the same pattern

of variation as wingbeat frequency (F&p). Because duty
wingbeat duration occurred at a flight speed o€, only  cycle was not independent of wingbeat frequency, we were
slightly slower than the maximum speed the birds sustaineahable to incorporate duty cycle into our component model of
in this study (13ns). Partitioning total wingbeat duration power output (see below). As a result, any effects due to the
into muscle lengthening (upstroke) and muscle shorteningariation in duty cycle were included in the effect of wingbeat
(downstroke) phases (Fi§A) showed that shortening frequency, which accounted for only 10% of the variation in
duration did not vary significantly across flight speeds. Thugower output among speeds.
all variation in wingbeat duration was due to changes in
muscle lengthening duration (Talle Lengthening duration Pectoralis work
was less than shortening duration at slow flight speeds In addition to calculating the work loop areas, we quantified
(1-5ms) and at the fastest speed (031), whereas the work loop shape by dividing the area within the loop by the
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theoretical maximum (rectangular) area defined by the Modulation of pectoralis force and length change as a
observed force and strain. This work loop ‘shape factor’ function of speed

averaged 0.54+0.01 (|e 54+1% of the theoretical work space \Whereas muscle power output is determined by muscle work
was achieved by the muscle’s contraction). Interestingly, thig relation to wingbeat frequency, muscle work is determined
did not vary significantly across speeds (Td)lePectoralis py the particular pattern of force in relation to length change
work per wingbeat varied significantly across the range ofhat a muscle develops. Although the particular work loop shape
speeds by a factor of 2.3 (Flg. Table2). Pectoralis work of a muscle cannot be explicitly defined in simple mathematical
reached a minimum atré s1; the same speed at which power terms, patterns of peak muscle force and total muscle length
was minimized. change should be good predictors of the work performed by a
muscle over a contractile cycle. Pectoralis force, length change
and strain rate all varied significantly with speed, exhibiting
minima and maxima at the same speeds as pectoralis power
output (Fig.7; Table2). However, their respective ranges of

15 ¢ - .
015, A variation were less than that of pectoralis work and power.
Length change and peak force varied 1.4-fold and 1.7-fold,
0.13¢ respectively, compared with a 2.3-fold variation in pectoralis
work. Because downstroke duration did not vary with speed
__0a1} ; ;
D ¢ Whole wingbeat v;/]hereas Tusclellen%th cha_mge l(stram) v;rled fb>|/da factcl)r of 1.3,
= 0.0 O Downstroke the rate of muscle shortening also varied 1.3-fold (T2ple
® 7 B Upstoke .
3 A component model of pectoralis power output
0.07 } We used a component model to quantify the variation in
power output across flight speeds due to changes in wingbeat
0.05 } frequency, muscle length change, peak muscle force and work
loop shape (FigB). This path analysis indicates the strength of
0.03 . . . , the relationship between components by showing the partial
regression coefficients along the relationship lines. We found
that approximately 90% of the variation in power output was
015, B ; ST ; i
attributable to variation in the work performed per wingbeat;
the remaining portion was attributable to changes in wingbeat
013} frequency. Work per wingbeat itself was most influenced by
—~ 011}
2
5 A
.% 0.09 | __ 50, ¢ Peak_force o] 7 &
5 < O Strainrate Ao b
Ia) ® 40 O T et 6 =
5] - ()
0.07 § 0l ¢ Q0 5 &
¥ 20} 48
0.05 | ¢ =
10 39
0.03 : s : : ; : ) -
0 2 4 6 8 10 12 14 <= 06, B 1209
So
Flight speed (m9) < o5} ls €
©
= S
Fig.6. (A) Variation in whole wingbeat, upstroke and downstroke z 0.4} 1140 »
durations across flight speeds (inter-individual meaas.+N=5 for T 0.3} {105 g
each speed) as measurgd muscle lengthening and shortening. £ 0.2 ) ) ) ) ) ) 70 §
Consistent with the modest change in wingbeat frequercgus é ) 2 4 6 3 10 12 14

speed (Fig5), wingbeat duration varies slightly but significantly
(P<0.05; Table2) with speed. Changes in wingbeat duration acros:.
speeds is due entirely to changes in upstroke duration, as downstrcFig. 7. (A) Variation in peak muscle force and muscle strain rate as a
duration does not vary significantly with sped?b>@.1; Table2). function of flight speed. (B) Changes in the amplitude of muscle
(B) Variation in wingbeat duration measuret a 125Hz, three-  strain with speed R<0.01; Table?). Values represent inter-
dimensional kinematic reconstruction. Although the general patterindividual means s.0. (N=5 for each speed). Pectoralis force, strain
is similar to that shown in A, the relative durations of upstroke anrate and strain amplitude vary similarly with speed, and the pattern
downstroke have shifted such that downstroke is shorter than of variation matches that found for muscle power outgrsus
equal to, rather than longer than or equal to, upstroke. speed (Figh).

Flight speed (m s
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Fig. 8. A partial regression component model of

factors underlying pectoralis power output am Fma f

T ) . . . Pegk muscle f

individual birds as a function of flight speed wit f Wingbeat

least-squares multiple linear regression of p eIz ) frequercy (H2)

against selected factors. The arrows indicate 0.33

proposed relationships between variables, tog

with their partial regression coefficients, wh 0.85 P
indicate the relative strength of the relations AL Mean power
Pectoralis power output as a function of flight sy Muscle length output (W)
is determined by the combination of work change (mm) 0.80 /V

wingbeat and wingbeat frequency, but work 0.95

wingbeat exerts the strongest effect. Pectc Work

work per wingbeat is influenced by several fac -063 per wingbeat

but the two most important are muscle fc : : .

(r2=0.77) and muscle length changé=0.45; alst Shape 040 Multiple regression results:

see Fig6). The double-headed arrow betw factor P=13.8f+3.2F,5c+6.0AL-181.0
muscle length change and work loop shape f r2=082 F=47.6 P<0.000L

indicates that increases in length change ac

correlated with decreases in the shape factoryvaedversa The correlation also influences the total effect of the variables; for example, the

total effect of muscle length change is 0.80—(80630), or 0.55. There were no significant correlations between model variables aside from
those indicated in the modela arrows. Statistical tests were conducted based on a set of individual means across speeds (5 irdividuals

speedsh=35).

the peak force developed during contraction, which accounted Table3. Additional multiple regression results for muscle
for approximately 70% of the variation in work and therefore power output against wingbeat duration, muscle force and

65% of the variation in power. Muscle length change muscle length change

accounted for approximately 20% of the variation in work. 2 F P N
Changes in work loop shape accounted for the balance but

were inversely related to muscle length change. The overd! individuals across speeds 0.82 47.9  <0.0001* 35

effect of increasing shape factor (increasing the realizeff"e individual across speeds 099 2462 <0.0001* 7
One individual within In s™1 0.94 3446 <0.0001* 69

fraction of ideal muscle work space), therefore, wagdnce One individual within 7 s-1 088 2044 <0.0001* 86

the work performed per wingbeat. A multiple regressiony o i qiidual within 13ns*  0.87 1166 <0.0001* 57
analysis of power output using the three most basic factors —

wingbeat frequgncy, peal_k_ muscle force and musple length «ndicates significance #<0.05 after a Bonferroni multiple test
change — was highly significant and had&af 0.82 (Fig.8).  correction for all electromyogram (EMG) regression tests.

In summary, peak muscle force was the best predictor of

muscle work per wingbeat, which was the best predictor of
power output. The relationship of these factors to thes a predictor of muscle force or shortening velocity within an
modulation of power output over successive wingbeats withimdividual over a range of motor performance (Tahlesee
any particular flight speed was more complex, with significantoeb and Gans, 1986). However, despite these difficulties in
correlations observed between various performanceomparing among individuals, the analyses were siill
components of the model (Table 3). Nevertheless, peak musdggnificant. Normalizing both EMG amplitude and muscle
force remained the dominant factor. force prior to performing the regression tests compensated for
some of the differences among individuals, improving the fit
Muscle recruitment in relation to force and shortening  of the data (Tabld). Among wingbeats within a given speed,
velocity the variation in peak muscle force exceeds that of EMG
For the two cockatiels in which high-quality EMG signalsamplitude, resulting in a weaker relationship between
were recorded, we found that pectoralis EMG mean spikamplitude and force when considering results from a single
amplitude (measured as rectified area divided by duration) wéligght speed (Tabld). This difference in the magnitude of
a good predictor of muscle force, and therefore of pectoraligariation between EMG amplitude and force within a speed
power output, across a range of flight speeds @Ag. probably reflects how changes in wing position and the
Table3). Pectoralis EMG amplitude was also a good predictoaerodynamic resistance to wing motion affect the peak force
of muscle shortening velocity (Fi§B), leading to a strong developed by the cockatiel pectoralis on a wingbeat-by-
positive correlation between muscle force and musclavingbeat basis. Finally, we found that the relationship between
shortening velocity rf=0.92). Because of differences in EMG amplitude and both force and mean shortening velocity
electrode geometry and recording site among individuatlluring downstroke was not significant among wingbeats at
animals, EMG amplitude only performed well when comparedpeeds of 1in st and 13m s™1 (Fig. 9).
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Discussion Based on the correlation of EMG amplitude with muscle
We previously found that muscle power output inforce, the changes in force appear to be due to varying motor
cockatiels flying across a range of steady speeds {h<t8 unit recruitment, acting in concert with adjustments in wing
in a wind tunnel varied 2.2-fold in &-shaped manner stroke plane and angle of attack, which modulate the
consistent with aerodynamic theory (Tobalske et al., 2003gerodynamic coefficients of the wing (Hedrick et al., 2002).
which is in contrast to the asymmetrlcshaped curve This finding generally supported our hypotheses, but we did
described previously in magpies (Dial et al., 1997). In thenot anticipate the degree to which muscle force dominates
present study, we extended these results to examine in-demitiher factors, such as muscle strain, in modulating muscle
the sources of the observed variation in power output. Oyyower output. In contrast to previous studies that focused on
analysis shows that cockatiels modulate pectoralis powenaximal power activities, we found that specific features of
output primarily by modulating muscle force production.the contraction cycle, such as the percentage of the cycle
spent shortening, did not strongly influence power output and
A were not used to modulate power across flight speeds.

2l Additionally, although both birds and fishes must generate
power to move through a fluid, the strategies used to modulate
v power output may differ substantially. Our study of cockatiels
35} . * suggests that birds modulate work and power maidy
- . force, whereas fishes modulate contraction frequency in
£ 30l addition to the recruitment of additional musculature
8 * (Altringham and Ellerby, 1999; Syme and Shadwick, 2002).
e s *+ " Flight speeds (m s): This difference may well reflect the more distinct red and
251 ‘ﬁ * 1,3,5,7,9, 11ad white fiber types found in fish axial musculature compared
O with the more homogeneous fiber types within the pectoralis
0l * ’:,,:‘,'_;‘: " 0.024%+71518 of birds (Rosser and George, 1986).
et yzz_(')gl Ft4é6 b=0.000 Despite many differences in the requirements for flight
Lt reosL RS T versusterrestrial locomotion, our results indicate that flying
birds and running animals both modulate muscle force
production in relation to changes in speed. In flapping flight,
gr B muscle force modulates muscle power output, and therefore
R L . speed, and is presumably linked to changes in the metabolic
— [ $ cost of flight with speed. Similarly, in terrestrial animals,
E 6l ‘ muscle force production is an important determinant of the
g ’ metabolic cost of locomotion and maximum speed (Kram and
~§ 5 ",’5; Taylor, '1990; Taylor, 1985; Weyand et al., 2000). Thus, as an
T . Flight speeds (m s°1): underly!ng component of mugcle WorK gnd power, forcg:
S LR Ll 1.3.5,7,9 11and production plays a central role in determining performance in
§ el flight, just as it does in terrestrial locomotion.
g 3p7.,* ’
n Modulation of muscle poweta work, force and strain
2T y2:_0.003xt2.3403_ The cockatiels in this study modulated pectoralis power
1 L ' _O'?Z' F=59.2, P_O'O(?OS output primarily by altering the amount of mechanical work
500 1000 1500
EMG amplitude (mV s) Table4. EMG regression results, EMG amplitude versus peak

Fig.9. (A) A least-squares regression of muscle forarsus muscle force

electromyogram (EMG) amplitude within one individual across r2 F P N
spe_eds. (B) A least-squares regression _of muscl_e ;hortenlng Vemcm’dividual 1 across speeds 080 2000 =0.0066* 7
during downstroke versus EMG amplitude within the same S _

S . o Individual 3 across speeds 0.91 48.64 =0.0009* 7
individual across speeds. EMG amplitude was quantified as thle o

integrated rectified EMG signal, divided by its duration. We nd|V|duaIsla_nd3across speeds

erformed the regression a ainst‘ mean values for am Iitudé force Actual amplitude and force 072 30.44 <0.0001" 14
gnd shortenin vglocit at gach speed to give a balanF::ed dr;lta etNormaIized amplitude and force  0.77  39.40 <0.0001* 14
However, we glotted aI)I/ oints incIEded in tge mean values as smslﬁdividuall #1 within 7n st 069 92.21 <0.0001* 43
e » We P P N the ald"ldividual #3 within 7m s 0.63 142.83 <0.0001* 86
X' symbols to show the full range of variation; the mean values use
in the regression analyses are shown as large diamonds.4Table

o . . *Indicates significance &@<0.05 after a Bonferroni multiple test
reports additional analyses of EMG amplitude with respect to muscle . .
force. correction for all electromyogram (EMG) regression tests.
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performed during each wingbeat cycle. Muscle work was, imange over which cockatiels apparently use a continuous vortex
turn, modulated primarily by the amount of force developed bgait (Hedrick et al., 2002). Thus, cockatiels prolong the
the pectoralis and secondarily by the magnitude of musclepstroke phase of the wingbeat at speeds at which upstroke is
shortening and changes in work loop shape. Peak muscle forteught to produce useful aerodynamic forces.
and muscle strain both exhibited minima and maxima at the Although wingbeat frequency, rather than power output,
same speeds as overall muscle power output and also variggpears to mediate gait change in cockatiels, this may not be
over a fairly wide range: 1.7-fold and 1.4-fold, respectivelythe case in all species. Some species, such as the magpie and
Whereas the range of variation in muscle strain was similar tmembers of the Phasianidae, do not appear to change gait with
that found in a previous study of magpies (1.3-fold; Warrickspeed (Tobalske, 2000). In these species, wingbeat frequency
et al., 2001), the variation in force was much greater than thatight share a minimum with power output, as has been
reported previously across flight modes in pigeons (1.4-foldassumed (Pennycuick et al., 1996).
Dial and Biewener, 1993) and mallard ducks (1.05-fold;
Williamson et al., 2001). Variations in muscle duty factor with speed, gait and power
Because peak muscle force varied more than muscle strain,Previous studiesn vitro have found that asymmetric
it represented the main influence on muscle work and powsawtooth contraction cycles lead to higher work output than do
output. The observed change in muscle force could have besimusoidal cycles, when the shortening phase is increased
due to the recruitment of additional muscle fibers and/or a shifelative to the lengthening phase (Askew and Marsh, 2001).
in the muscle’s force—velocity curve towards a slower straifhis finding is consistent with previours vivo muscle length
rate and greater force. However, we found that mean strain rathange results obtained for magpies (Warrick et al., 2001),
during shortening increased in a manner similar to peak musaheallards (Williamson et al., 2001), pigeons (Biewener et al.,
force (Table2), suggesting that the higher forces were due td998) and quail (Askew et al., 2001), in which pectoralis
greater motor recruitment. This was supported by the strorghortening occupies 62-67% of the wingbeat cycle. We
correlation of EMG amplitude with peak muscle forceexpected that cockatiels would also use a muscle duty factor

(Fig. 9A). greater than 50% at all flight speeds, especially in very slow
_ o and fast flight where power requirements are greatest. This also
Modulation of powewia wingbeat frequency suggests the possibility that modulation of downstroke

Our hypothesis that muscle power output would be onlyuration might be a key means for varying muscle work and
slightly affected by changes in wingbeat frequency wagpower output. However, neither of these expectations was
supported, as wingbeat frequency had a much smaller effect strongly supported. The cockatiels did employ an asymmetric
power than muscle force or strain (Rj. Although wingbeat ‘sawtooth-like’ cycle at all speeds, but muscle duty factor was
frequency and pectoralis power both varied in a curvilinearelatively low (54%) at the fastest and highest power speed.
manner with speed, their respective minima occur at differerfturthermore, downstroke duration did not change significantly
speeds (Bns? versusllms?) and their overall ranges of with speed, tightly coupling changes in muscle duty factor to
variation differ substantially (2.1-foldversus 1.2-fold), changes in wingbeat frequency. Although this prevented direct
resulting in a low, but significant, correlation betweenincorporation of muscle duty factor into our component model
wingbeat frequency and power output. We also found thaif power output, the influence of wingbeat frequency and,
minimum muscle power output occurred at a speed less thaéimerefore, muscle duty factor on power output was negligible.
half that of minimum wingbeat frequency. Consequently, ouChanges in muscle duty factor should most influence muscle
results indicate that minimum wingbeat frequency is noforce development and length change, and hence muscle work,
necessarily a good experimental indicator of minimum powerather than muscle power (Askew and Marsh, 2001). However,
speed in avian species, contrary to the suggestion aigain we found no significant relationships between wingbeat
Pennycuick et al. (1996). frequency and muscle strain, peak force or wBr((89, 0.63

Rather than directly reflecting variation in power output,and 0.80, respectively). Consequently, cockatiels do not appear
changes in wingbeat frequency may instead be associated withmodulate their pectoralis shortening duty cycle in order to
changes in aerodynamic gait. Two gaits have been recognizedodulate muscle work and power output as a function of flight
a vortex-ring gait used at slower speeds and a continuogpeed. Instead, duty cycle appears to be modulated more by
vortex gait used at faster speeds (Rayner, 1993; Speddinthanges in underlying gait kinematics.

1986, 1987). The distinguishing feature of the vortex-ring gait

is that the upstroke produces no useful aerodynamic force, Changes in work loop shape across speeds

whereas the upstroke of the continuous-vortex gait actively Due to the differing ranges of variation in muscle strain (1.4-
produces lift (Rayner, 1993). Because downstroke duration déld) and peak force (1.7-fold), work loop shape did not remain
the cockatiel remained constant, all changes in wingbeaiiform across flight speeds. For example, the work loops in
frequency with speed were due to changes in upstrokEig.3B,C appear quite similar, but the loop in RB@
duration, which was significantly greater (lower frequency) af13ms=2) has a 60% greater force and only a 40% greater
the intermediate flight speeds of 7-fhk 1 (Fisher's PLSD; strain than the loop in Fig. 3B (@ s1). However, when work
P<0.0001, d.f.=4; Figh). These speeds correspond to theloop shape was quantified as the percentage of the theoretical
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maximum area actually occupied by the loop, we found thadrag predicted for cockatiel wings based on our muscle force
work loop shape did not change significantly with speedesults may provide an indirect explanation for why the
(Table2). We also found that the work loop ‘shape factor’ hadnaximum flight speed of magpies is not limited by muscle
a negative correlation with muscle strain, indicating that therpower output (Dial et al., 1997). An interesting difference
may well be a trade-off between the muscle’'s ability tobetween magpies compared with cockatiels and ringed turtle-
optimize its realized ‘work space’ (for a given force and strairdoves is that the latter two species generate their respective
range) and maximizing muscle strain and total work per cyclenaximal muscle power outputs at very fast flight speeds,
(Fig. 8). Changes in work loop shape, however, may be awhereas magpies fail to achieve the elevated power outputs at
important modulator of muscle power output in situationshigh speeds that they are briefly able to produce when hovering
where there is a shift from minimal power production to(Tobalske et al., 2003). Consequently, magpies exhibit a rather
positive power, such as when a terrestrial animal shifts frorflat power curve (due to the absence of a significant rise in

level to uphill running or accelerates. power at fast speeds), whereas the power curves of cockatiels
_ N and ringed turtle-doves are both more acutely concave.
Muscle force and aerodynamic coefficients Although we have not yet determined coefficients of lift and

The peak muscle forces generated by the pectoralis durimfyag for cockatiel wings, their apparent angles of attack at
downstroke should generally correspond in timing and relativeigh speeds are very low, suggesting particularly reduced
magnitude to the peak aerodynamic forces experienced by therodynamic coefficients (Hedrick et al., 2002). By contrast,
wings. These aerodynamic forces are proportional to wingragpies have relatively large and broad wings (aspect ratio=5),
shape and area, but we found that the wing adopts which may not be capable of being reconfigured to reduce
stereotypic, fully outstretched wing posture during pealcoefficients of drag and lift sufficiently at high flight speeds to
muscle force production at all flight speeds. Given thevoid a sharp increase in power requirements that might
invariance in wing shape and assuming that the position of thretherwise result.
center of lift on the wing does not change with flight speed,
we are able to use the variation in peak muscle force to Flight power modulation across species
estimate the variation in the coefficients of lift and drag across The mechanisms used to modulate power output may also
arange of flight speeds. In our previous 3-D kinematic analysiscale with body mass. Whereas magpies vary both muscle
(Hedrick et al., 2002), we found that the mean airflow velocityforce and strain similarly to modulate power output (Dial et al.,
over the distal portion of the wing increased steadily fronl997; Warrick et al., 2001), our findings here for cockatiels
7ms1to 14m st when flight speed increased frormisl  and our preliminary analysis of ringed turtle-doves (Tobalske
to 13ms?l Results from the present study show thatet al., 2003) indicate that changes in muscle force are the main
minimum peak muscle force occurred an51. At this speed, means by which these two species vary power output in
we previously found a mean distal wing flow velocity of relation to flight speed. The capacity for enhanced recruitment
8.3msL With an increase in flight speed froomEslto  of muscle force in these smaller species may reflect their ability
13m s, therefore, our observed 1.7-fold increase in muscléo elevate power output in fast flight beyond that required at
force corresponds to a 1.9-fold increase in air flow velocitywery slow speeds. Earlier studies of pigeons and mallard ducks
past the wing. Because aerodynamic forces increase with theross a range of flight modes found that pectoralis force also
square of flow velocity, this suggests a 3.7-fold increase imaried only moderately and was not the dominant factor
aerodynamic force. Thus, in order to maintain an equatontrolling muscle power output. Instead, variation in muscle
relationship between muscle and aerodynamic forces, tharain accounted for a majority of the change in power output
mean coefficients of lift and drag must decrease by 2.2-fol(Dial and Biewener, 1993; Williamson et al., 2001). Size may
over a speed increase frommss! to 13msL With a  be a factor because the two smallest species (cockatials, 83
decrease in flight speed frormbsto 1ms, we found in turtle-doves, 149) show the greatest variation in muscle force
the present study that muscle force increases 1.4-fold, whergds7-fold and 1.9-fold, respectively), whereas the larger species
our earlier results indicate that the square of flow velocitypigeons, 64%; mallards, 99%) display similar variation in
decreases by a factor of 0.7. This differential indicates thahuscle strain (1.3-fold and 1.2-fold, respectively) and force
mean lift and drag coefficients probably increase 2-fold a¢l.4-fold and 1.1-fold, respectively). Because of their size,
cockatiels reduce their flight speed frooms2to 1ms=2 larger species in general are believed to have smaller scopes
Therefore, our results suggest that changes in wing orientatidor changing muscle and metabolic power output (Pennycuick,
result in a 4-fold decrease in the coefficients of lift and drad 968; Ellington, 1991). This is borne out by past metabolic and
as a cockatiel's flight speed increases from¢1to 13ms1  mechanical power studies of pigeons, which display rather
This range of variation is compatible with recent experimentaharrow ranges of power output (20-50%; Rothe et al., 1987,
tests of bird wing lift and drag coefficients in revolution Dial and Biewener, 1993). This suggests that, for species in
(Usherwood and Ellington, 2002), given the observed range ofhich flight power varies only moderately, both pectoralis
variation in estimated angle of attack with speed for cockatielorce and strain are important to power modulation. In species
flying in our wind tunnel (37° to 6°; Hedrick et al., 2002).  such as cockatiels, which display a wide range of power

The 4-fold range of variation in the coefficients of lift and outputs, the relative importance of variation in muscle force
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via muscle recruitment may be increased due to musclerest
force—length limitations on the possible range of variation irMp
muscle strain. Paero
Because of the limited sampleiafvivoflight performance  Ping
data that is currently available, these interpretations abotpar
flight performance, and the possible limits to elevating powePpro

resting length between sonomicrometry crystals
body mass

aerodynamic power

induced power

parasite power

profile power

output usefully at very fast speeds in larger species or ones with
broad, low aspect ratio wings, require additional studyR
Nevertheless, the underlying mechanisms by which pectoralik
contractile function is modulated to vary mechanical, and/e
ultimately aerodynamic power output, are clearly an importanti

determinant of a bird’s flight performance range. Vi
5
Summary Al

We found that pectoralis contractile function in cockatiels isAL
highly conserved across speed and over a wide range of
aerodynamic power requirements. Power output is primarilyp
modulated by muscle force rather than by muscle strain &
cycle frequency. Strain rate and EMG results suggest that tipe
additional force is mainly provideda increasing pectoralis po
recruitment rather than by changes in the contractile dynamics

dynamic pressure

wing length

thrust

equivalent wind speed

total velocity of a wing strip
total forward velocity

vertical acceleration of the bird
length change

total fascicle length change
fascicle strain

wing stroke amplitude

angle of the stroke plane relative to vertical
air density

air density at sea level

— force and length relative to activation phase — of the muscle. We would like to thank Pedro Ramirez for caring for the
Hence, despite the 2-fold range of variation in muscle powetockatiels, and the Concord Field Station research group for
output, many aspects of muscle performance vary little. Theheir considerable assistance with this project. Special thanks
duration of muscle shortening is invariant, and overalto Pierre Tresfort (Tresfort Metal Works) and Quentin
wingbeat frequency and muscle strain vary to a much lessSpendrup (SMJ Inc.) for quality construction of the wind
degree than do muscle power or work. Changes in upstrokennel. The manuscript was greatly improved by comments
duration and, hence, wingbeat frequency may accentuate fom two anonymous referees. Supported by NSF IBN-
facilitate changes in aerodynamic gait: cockatiels appear to ug©90265 and Murdock 99153.

a slow upstroke (continuous vortex gait) at speeds of
7-11mst and a faster upstroke (vortex-ring gait) at other
speeds. Due to their effect on the transfer of muscle work into
useful aerodynamic work, changes in wing position and
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