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Summary

In vivo measurements of pectoralis muscle length change (131 W kg2 muscle mass) during slow level flight (3 n3)
and force production were obtained using sonomicrometry and 23.3Wkglbodymass (174 W kg! muscle mass) during
and delto-pectoral bone strain recordings during ascending ascending flight. This increase in power was achieved
and slow level flight in mallards @nas platyrhynchos principally via an increase in muscle strain (29 %versus
These measurements provide a description of the force/ 36 %), rather than an increase in peak force (107 Nersus
length properties of the pectoralis under dynamic 113 N) or cycle frequency (8.4 Hzversus 8.9 Hz). Body-
conditions during two discrete flight behaviors and allow mass-specific power output of mallards during slow level
an examination of the effects of differences in body size flight (17.0Wkg™), measured in terms of pectoralis
and morphology on pectoralis performance by comparing mechanical power, was similar to that measured recently
the results with those of a recent similar study of slow in pigeons (16.1Wkg?). Mallards compensate for their
level flight in pigeons Columbia livia). In the present greater body mass and proportionately smaller wing area
study, the mallard pectoralis showed a distinct pattern of and pectoralis muscle volume by operating with a high
active lengthening during the upstroke. This probably  myofibrillar stress to elevate mechanical power output.
enhances the rate of force generation and the magnitude
of the force generated and, thus, the amount of work
and power produced during the downstroke. The power Key words: pectoralis muscle, muscle, mallakdas platyrhynchqgs
output of the pectoralis averaged 17.0 Wkt body mass  bone strain, flight, strain, power output, work loop.

Introduction

The mechanical power requirements of avian flight are 01979), however, have also tended to overestimate considerably
interest both in terms of whole-animal performance and ithe power required of birds during slow level flight (Spedding
terms of the neural and musculoskeletal processes underlyieg al., 1984; Spedding, 1986).
that performance. Prior investigations of avian flight, however, Most recently, the power requirements of a swallow have
have been unable to reconcile predictions of aerodynamlmeen assessed by direct measurements of the vertical motion
power with measurements or estimates of muscle mechaniaafl the bird flying in a wind tunnel (Pennycuick et al., 2000)
power. Previous estimates of mechanical power have beeombined with previous theory (Pennycuick, 1968;
based largely on quasi-steady aerodynamic theory arflennycuick, 1989) for profile and body drag and the lift
observations of flight kinematics (e.g. Pennycuick, 1968distribution acting on a fixed-form, fully extended wing during
Norberg, 1990) in relation to assumed limits of vertebratehe downstroke. Although this study ignored horizontal
muscle function (Weis-Fogh and Alexander, 1977). A potentiahccelerations of the animal in the wind tunnel and the long-
limitation of these models is that they do not account foaxis rotational energy of the wing (produced by the pectoralis
unsteady airflow over the flapping wing, which has been showat the shoulder), which would require additional power, these
to be central to mechanisms of lift generation in insect flightneasurements also resulted in estimates of mechanical power
(e.g. Dickinson et al., 1999; Willmott and Ellington, 1997;twice those predicted by theory. Significant differences
Weis-Fogh, 1973) and which may also be important in aviatherefore continue to exist between empirical assessments and
flight. In addition, such analyses do not account for variatiomheoretical predictions of the power requirements for avian
in flight behavior or body form. Vortex-based theories offlight.
aerodynamic power designed to deal with these issues (RaynerBecause of the uncertainties underlying assumptions made
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by aerodynamic models of avian flight, we have favored the Materials and methods
use of direct recordings of pectoralis force miadé@voduring Animals, training and definition of flight modes

flight to calculate mechanical power (Biewener et al., 1992; rour mallards (body mass range 0.97-1.06kg: Table 1)

Dial and Biewener, 1993; Dial et al., 1997). The pectorali§yere purchased from a licensed game farm (Ducks and Ducks
produces most of the power required for lift generation ingame Farm, Trumann, AR, USA), housed in heated enclosures
birds (Dial, 1992); therefore, measurements of its mechanicg 1.xo mx3 m) and provided with commercial bird feed
power OUtPUt can providg a reliablg estimate. of the t‘?t Muenster Milling Co.) and watead libitum Prior to data
aerodynamic power required for flight. Previous studieggiection, each of the birds was flown in the experimental area
h:?\ve .usedln' vivo pectoralis force record”?gS combined ;i it demonstrated an ability to fly the desired course for
with kinematic estimates of muscle shortening to calculat@ignt recordings. This involved taking off from the ground at
mechanical power output during flight in starlingsuinus 5 ‘steep trajectory=(60°), clearing a barrier (1.22-2m) and
vulgaris Biewener et al., 1992), pigeorSdlumbia livig Dial - fving up to 8 m down a narrow (1.4 m) corridor before landing
and Biewener, 1993) and magplglc@ picg Dial et al., _on the ground (see Fig. 2B). During the training and flight
1997). The results of these studies suggest that classiGalorgings, the animals were handled as littlle as possible to

aerodynamic pred_iction; overestimate. the actugl POWELy0id acclimation to human contact and the possible reduction
requirements of bird flight and that differences in flight ¢ their burst take-off escape response.

performance or behavior may be achieved by smaller changestq examine the mechanical performance of the pectoralis
in mechanical power than was previously thought. Morg,nqer yarying flight conditions, we defined two flight modes for
recently, Biewener et al. (Biewener et al., 1998) combined omparison. Ascent was defined as the portion of the flight
vivo measurements of pectoralis force with direct sonometrlgequence that began at least two cycles after lift-off from the

recordings of fascicle length changes in a study of level flight;onq and was maintained at a steady angle and rate of climb
in pigeons Columbia livig. These recordings confirmed the 5. 5 minimum of four wingbeats. This was the period during

ggnergl magmtude of'mu.scle strain est!mated prevpusly fro_r\pvhich the birds achieved their steepest ascent prior to clearing
wing kinematics, but indicated less active lengthening late ighe parrier. This burst take-off behavior was considered to be
the upstroke and more substantial force decline during th@gicative of maximal unladen flight performance in these
shortening phase of the muscle’s contraction. As a resulbninais. siow level flight was defined as that portion of the flight
modest but significant differences in the dynamic fgrcg/lengtguring which the flight trajectory was horizontal for several (at
behavior of the muscle were revealed by the combime®/o a4t four) wingbeats. Level flights were typically obtained either
force and sonomicrometry recordings. . as the bird flew over the barrier following hand-release from an

The purpose of the present study is to build upon the resulige\ ated position or as the bird flew down the corridor following
obtained for pigeons by examining the force/length behavioge.off from the ground and clearance of the barrier. Forward
of the pectoralis muscle in mallardadn@s platyrhynchgsto airspeed during slow level flight was approximately 3mas

assess its mechanical power output during both ascending afigtermined from timed flight positions obtained from high-speed
slow level flight. We anticipate that the general patterns ofijeo measurements (see below).

pectoralis force/length behavior during flight in the mallards

will be similar to those previously observed in other species. Transducer implantation

In addition, we hypothesize that mechanical power output will Anesthesia for surgical implantation of transducers was
be greater during ascending than during level flight as a resuftduced by an intravenous injection of sodium pentobarbital
of concomitant increases in muscle force, strain and wingbe20mgkg?l) and maintained during the procedure with
frequency. Finally, we hypothesize that the mallard’s greatentermittent administration of methoxyflurane gas (Metofane)
size will require it to produce greater absolute muscle poweria a mask. The feathers were removed from small areas on
than the pigeon, but that the mass-specific mechanical powttre dorsal midline between the scapulae, on the ventral side of
output of both species will be similar under comparablene pectoralis and on the ipsilateral shoulder; a single incision
conditions of flight behavior. (15-40 mm) was made at each site.

Table 1.Pectoralis and wing morphology of experimental animals

Body mass Pectoralis mass Fascicle length Myofibrillar area Wing span Wing area Wing loading
Animal (kg) (kg) (mm) (cm) (cm) (cnd) (Nm2)
1 0.97 0.081 71.0 6.46 84.6 818 116.3
2 1.03 0.053 70.9 4.23 88.0 1097 92.1
3 0.92 0.068 72.7 5.29 85.2 853 105.8
4 1.06 0.067 64.2 5.91 87.0 938 110.9
Mean 0.995 0.067 69.7 5.47 86.2 927 106.3

S.D. 0.062 0.012 3.76 0.96 1.57 124 10.4
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Through the shoulder incision, the deltoid was reflected tavere sutured to the muscle fascia with 4-0 silk at two places
expose the dorsal surface of the delto-pectoral crest (DPC) n&ar the point of insertion.
the humerus. In previous studies (Biewener et al.,, 1992; Leads from each of the implanted transducers were passed
Biewener et al., 1998; Dial and Biewener, 1993; Dial et al.subcutaneously to a custom-designed connector (Microtech
1997), dorsal DPC strain has been used to quaintiffivo  GF-6) supported on an epoxy base. This connector was secured
pectoralis force development. This approach relies on the the dorsal midline of the body by suturing the base to the
assumption that the pectoralis generates a tensile strain imervertebral ligaments and closing the skin around it. All
the dorsal aspect of the DPC along a principal axis ancisions were kept moist during surgery and sutured with 3-0
approximately 90° to the humeral shaft when it contracts tgilk when each procedure had been completed. Animals were
pull down against its ventral insertion (Dial and Biewenerallowed to recover from surgery overnight prior to flight
1993). Using a metal foil strain gauge bonded to the surface oécordings.
the DPC along this axis, bone strains produced by the
pectoralis can be calibrated to force (see below; Biewener et Flight recordings
al., 1998; Biewener et al., 1992; Dial and Biewener, 1993; Dial Experimental recordings of pectoralis force production,
et al., 1997). Accordingly, the surface of the bone was scrapddscicle length change and EMG activity were carried out
gently with a periosteal elevator and/or a scalpel blade td—2 days following surgery. All transducers were connected to
remove the periosteum, then cleaned and dried with a sterilbeir respective amplifiersia a lightweight shielded cable
swab dipped in anhydrous ethyl ether, so that a single-elemef@ooner; model NMUF4/30-4046SJ, weighing 0.32 N and
(type FLA-1-11, Tokyo Sokki Kenkyujo, Japan) or rosettea maximum of approximately 0.69N in total), which was
(FRA-1-11) strain gauge could be bonded to the DPC witlgrounded to the skin of the bird and taped to its back to reduce
cyanoacrylate adhesive. The three-element rosette strain gaugechanical stress at the end of the cable. EMG signals from the
was used on one bird (mallard 3) to characterize the pattepectoralis were amplified (208p and filtered (100-3000 Hz
and orientation of principal strains on the dorsal DPC. Leadsalf-amplitude band-pass, 60 Hz notch filter) using Grass P511
from the gauge were passed deep to the deltoid aramplifiers. Bone strain signals from the strain gauges were
subcutaneously to the dorsal midline incision. amplified (2008) using a bridge amplifier (Vishay; model

Through the ventral incision, sonomicrometry transducer150). All sonomicrometry data were processed and amplified
(‘crystals’; Triton P/N SL 5-2 or Sonometrics 2mm 36 AWG by a Triton sonomicrometer (model 120.2) that imposed a 5ms
SS) were implanted into an area of the sternobrachialis portiatelay (Marsh et al., 1992), which was corrected in subsequent
of the pectoralis in which the muscle’s fascicles originate omnalyses. In addition, signal offsets due to the transmission
the sternum and insert directly onto the ventral aspect of thbrough the epoxy lens of the crystals were determined
DPC. Two small spaces (3mm across, 6 mm deep) betweamd corrected (0.74mm for Triton crystals; 0.82mm for
muscle fascicles were made approximately 15mm apart alorgpnometrics). All signals were recorded on LabVIEW 4.0
a single fascicular element using small, sharp-pointed scissolsnallard 1) or Axoscope 7.0 software, then filtered and
the sonomicrometry crystals were inserted into these spacesalyzed in MS Excel 98 and IGOR 3.1 software.
These crystals measure the distance between them by recording/ideo recordings of each pre-surgical and implanted flight
the transit time of an ultrasonic acoustic signal transmittedvere made to calculate whole-body climbing power, to verify
from one to the other, given an estimate of the speed of soundrmal flight behavior following surgery and to provide a
in the muscle tissue (1540 msGoldman and Heuter, 1956). record of the specific flight behavior for each flight sequence.
Assuming that the length changes between the crystals afée initial experiment (mallard 1) was recorded from lateral
representative of the fascicle and that the fascicle lengtand posterior views using Sony Hi8 (CCD-TRV81) and digital
changes measured are characteristic of those throughout {i#CR-VX1000) video cameras at 60Hz. Later experiments
muscle, these recordings can be used to estimate whole-musgigallards 2, 3 and 4) were recorded from a lateral perspective
length changem vivo (Griffiths, 1987). After insertion of the at 250Hz using a Redlake digital camera (PCI 500). These
crystals, the openings in the muscle fascia were closed, and thideo sequences were analyzed using NIH Image 1.60
leads were secured to the fascia with 4-0 silk suture. Tand Videopoint software, respectively. Whole-body climbing
maintain orientation, the Triton crystals used in one animgbower P) was calculated as the sum of the rates of change of
(mallard 1) were mounted with epoxy adhesive onto smalpotential and kinetic energy using the following equation:
loops of 18-'gauge surgical wire, which were sutured to the P = (mgh + mAVA),
muscle fascia.

Two bipolar electromyographic (EMG) electrodes (0.1 mmwherem is body massg is the acceleration due to gravity,
diameter, 99.9 % silver, enamel-insulated wire; California Finés the height change of the bird’s center of mdssjs the
Wire; 0.5mm tip exposure and 1 mm spacing) were implantedhange in velocity measured along the animal’s flight path over
in the pectoralis muscle adjacent to the sonomicrometrg given interval of its climb antdis time.
crystals using a 22-gauge hypodermic needle. These electrodes-ollowing the completion of flight recordings, the birds were
were used to verify the timing of local muscle activationkilled (sodium pentobarbital, 65 mg#gntravenously) to carry
relative to fascicle shortening and force production. EMG leadsut force calibrations and obtain morphological measurements.
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Calibrations and morphological measurements

To calibrate DPC strain recordings to pectoralis fort
series of ‘pull’ calibrations was carried opbst-mortenby
holding the humerus fixed and pulling on the pectoralis
distal to its ventral insertion in the direction of the fibers
heavy (0 gauge or larger) silk suture attached to a calil
force transducer (Kistler; model 9203). Although
calibration routine was similar to that used in previous st
utilizing this method of force measurement (Biewener ¢
1992; Biewener et al., 1998; Dial and Biewener, 1993;
et al.,, 1997), it has potential sources of error. First
calibration is carried out under static conditions with the"
held in a fixed position. In addition, the results ma
sensitive to differences in gauge placement, wing po:
and the orientation of the applied force. The issue of ¢
placement may be more critical in mallards than in previt
studied species because of the mallard’s broader pe
insertion and less prominent DPC. Because of
morphology, more complex, and potentially variable, pat
of bone strain may occur locally at the site of gi
attachment. Considerable care was taken to minimize
potential sources of error, and the potential for s
variation was examined by recording the principal s
distribution in one animal (mallard 3).

After DPC strain calibration, the following morphologi
measurements were obtained: pectoralis mass, mean f
length and pinnation angle (based on measurements of
fascicles evenly distributed throughout the muscle, 1
digital calipers), pectoralis moment arrgegy) at the shoulde
wing span and wing area (integrated from a digital ima
a wing trace using NIH Image 1.60; Table 1). Fascicle le
changes of the pectoralis were calculated fromithgivc
fractional length changes measured between the ci
(AL/Lres; whereLrestis the resting length measured betw
the crystals at the end of a flight and confirmpedt-morte
Fractional length change measured between the crysta
multiplied by the muscle’s mean fascicle length to obtail
mean fascicle length change of the muscle as a whole
assumes that all active fascicles contract with equal frac
length change. Muscle cross-sectional area was calc
according to Calow and Alexander (Calow and Alexal
1973) and corrected to myofibrillar area (60% of total
Rosser and George, 1986). Intramuscular stress was cal
from the pectoralis force and myofibrillar area. The cen
of wing area for two birds (mallards 2 and 3) was detern
and used to approximate the center of aerodynamic pre
The distance from the shoulder to this estimated cen
pressure is equal to the moment arm of the wingd), whick

Fig. 1. Simultaneous traces of (A) pectoralis muscle length cl
and (B) rosette strain gauge recordirgs > andes) from the delto

Fascicle length (mm)

Strain (ustrain)

Strain (ustrain)

Angle 0, (degrees)

Time (s)

O Anterior

Proximal

pectoral crest (DPC) in three wingbeat cycles during level flight. Dashed lines and arrows indicate upstroke and dowrsitioks. tran
(C) Principal tensile§;) and compressiveEg) strains derived from signals in B, and a plot of the angle of orientdipwof(the principal
tensile strain. Note that 0° is perpendicular to the long axis of the humerus. (D) Dorsal view of the left humerus, itdicatigig ) of
principal tensile strain on the DPC during pectoralis force development. Orientation varied from—21L® tduring this period. An asterisk
denotes peak tensile strain, as in C. The vector represents the mean orientation of peak&train at
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was then used to estimate the mechanical advantage of tthe muscle began midway through the lengthening phase,
pectoralis (pecfrwing) for depressing the wing. These preceding the start of shortening by 17+5ms, and ceased
measurements were also obtained for the wings of two whitmidway through the shortening phase, 32+5ms after the
carneaux pigeon€plumbia livig, similar in size to the silver onset of shortening (Figs 3, Bi=4). Correspondingly, neural

king pigeons used by Biewener et al. (Biewener et al., 1998activation preceded the onset of force production by 7+5ms
for the purpose of comparing pectoralis mechanical advantagand ended 21+5ms before the muscle reached peak force

between the two species. (Figs 3, 4;N=4).

Values are presented as mearsbt Because of the timing of neural activation, force onset

during slow level flight occurred 946 ms prior to the start of
Results Takeooff Level
. aKe-o eve .
Delto-pectoral crest strain pattern A and ascent flight Descent  Landing

The raw strainseg, €2, €3) recorded from the rosette strain | 1T 1 1T |
gauge attached to the DPC of mallard 3 are presented g 90
Fig. 1B, together with the principal tensile and compressiw; 85 -
strains &, Ec) and the orientatiordf) of principal tensile strain =~ % g
derived from them (Fig. 1C). Sonomicrometry recordings 01% 754 7 i yyyv -

pectoralis length change are shown (Fig. 1A) for the samz ;4_ ‘ Resting length
three wingbeat cycles. During the downstroke, as strai 2 65—
increases because of tension applied by the pectoralis, t=
orientation of the principal tensile DPC strain varied on
average from 1° proximal to 21 ° distal to an axis perpendicule 54
to the long axis of the humerus (Fig. 1x34). At peak strain .
(indicated by an asterisk in Fig. 1C,D and the vector irS 80
Fig. 1D), the orientation of principal tension averagéd3 ° 40—
(N=34). The large fluctuations in principal strain orientation™ -
that occur during the downstroke-to-upstroke transitior 04
probably reflect changes in the distribution of smaller force
transmitted to the DPC by the wing elevators after the cessatic
of pectoralis activity (Fig. 1C). The similarity in the magnitude > 1.0
and timing ofe2 andE, as well as the narrow range of principal 8 ]
tensile strain orientation, combined with similar results frorr £ 00
previous studies, confirm the reliability of our subsequent us§ 1.0
of a single-element strain gauge aligned to this perpendiculix _
(g2) axis to measure DPC strains produced by the pectoralis E 2.0
the three other mallards.

orce (N)

T T T T T T
0 0.5 1.0 L5 2.0 2.5 3.0

Pectoralis length change, force and activation Time (s)

In vivo recordings of pectoralis length change, force
production and activation showed patterns of oscillatior B <{
expected for the muscle’s function to produce lift during the _ %2/*“ Mx ~
downstroke (Figs 2, 3). During slow level flight, the pectoralis § 7 Slow level flight
lengthened to 121.5+4.1% of its resting length (determine < / L2 \
from the muscle’s length recorded when the birds were restir /= so \%{f
on the ground between trials) and shortened to 92.2+2.5%
its resting length, resulting in an overall strain of 29.3+2.4 %Fig. 2.In vivorecordings of pectoralis length change calibrated from
(Fig. 2; Table 2;N=4). The trajectory of this strain was sonomic_rometry dgta, together with simultaneous recordings of
asymmetrical, with the shortening phase of the CyCkpectoralls force c'allbrated from strains on the delto-pecto_ral crest and
(downstroke) occupying 69.0+2.5% of the cycle pel,iOdelectromyographlc (EMG) recordings from the pectoralis (A). The

. N . . dashed line indicates resting fascicle length, as determined from the
(Figs 3, 4;N=4). Cycle frequency during level flight was fascicle length recorded when the bird was resting on the ground

8.4+0.3Hz, resuling in a mean §h0rten|ng velocity Ofbetween trials. During this sequence, the bird took off and ascended
3.7+0.4lengthss over the entire period of the downstroke oyer 4 barrier, flew level down a hallway, then descended and landed
(Tables 2, 3N=4). several meters away. Most flight sequences followed a similar

The recorded EMG activity displayed a pattern thalpattern, and the data for ascent and level flight were drawn from the
was consistent with changes in muscle length and forcportions of the flight indicated. (B) Schematic drawing of a
development (Fig. 2). During level flight, neural activation ofrepresentative flight sequence.
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Fig. 3. Expanded wingbeat cycles from mallards 2 and 3 showing the relative timing of pectoralis length change, force demetbpemenl
(electromyographic, EMG) activation within a cycle, as well as differences in the magnitude and timing of these varialelesabednweand
slow level flight. The short-dashed line marks peak fascicle length, while the long-dashed line marks peak force. The roienwdeé fior
mallard 2 is probably an artifact (see text).

the downstroke. This resulted in a distinct pattern of activat 107.5+10.6 N (Table 2¥=4) approximately two-thirds of
lengthening of the mallard pectoralis during the upstrokéhe way through the downstroke, 54+6 ms after the start of
(Figs 3, 4)N=4). Force development during level flight peakedshortening, and fell to zero just prior to the muscle
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subsequently being relengthened (Figs 3, Nk4). The When normalized to cycle period, the timing of neural
bimodal force trace seen in the recording for mallard 2 duringctivation and force onset and offset were unchanged between
the downstroke (Fig. 3) probably reflects variation in strairthe two flight modes (Fig. 4). During ascending flight, neural
pattern generated by the pectoralis during the downstrokactivation preceded force production by 73 ms, and the onset
and/or slight misalignment of the DPC strain gauge relative tof force production preceded the start of muscle shortening by
the principal strain axis. This pattern was much less evident B+3 ms (Fig. 4N=4). EMG activity ended 14+6 ms prior to the
mallards 1 and 4, and was not observed in mallard 3. Givaiming of peak force, which was 112.5+25.9 N=@) and
the similarity between the, gauge trace and the derived occurred 50+3 ms after the onset of muscle shortening (Figs 3,
principal strain for mallard 3, we believe that the patterrd; Table 2). As during level flight, force production ended just
recorded for mallard 3 is most representative of the actual forgeior to the end of the downstroke (Figs 3, 4).
profile produced by the pectoralis in these birds (Fig. 1). We
present both patterns to show the extremes of variation in Mechanical work and power output
force-calibrated strain signals recorded. Plotting force versuslength for the wingbeat cycles of

During ascending flight, pectoralis strain increased tamallards 2 and 3 shown in Fig. 3 gives thevivowork loops
35.840.7% as the pectoralis lengthened to 125.1+4.6%enerated by the pectoralis muscles of these two birds (Fig. 5).
and shortened to 89.3+4.4% of its resting length (Figs 2—4fhese represent the extremes of the force/length patterns we
Table 2;N=4). The asymmetry of the length trajectory duringobserved for the four birds in this study. In general, individual
ascent was similar to that in level flight, with the shorteninglifferences in work loop shape resulted mainly from variation
phase accounting for 67.0+2.4% of the cycle period (Figs 3n the pattern of force that was calibrated from DPC strain and,
4; N=4). Cycle frequency also increased to 8.9+0.3Hzto a much lesser extent, changes in the timing of length change
Consequently, as a result of the increase in strain amelative to force development. As shown in Fig. 5, patterns of
frequency, a significantly greater shortening velocity ofwork loop shape within an individual animal were generally
4.9+0.3 lengthsd was achieved during ascent (TableN24).  similar for both flight behaviors. Patterns iof vivo fascicle

In general, larger EMG amplitudes and forces were observddngth change were highly consistent across both individuals
during ascending than during slow level flight (Figs 1, 3).and flight behaviors. Although the variations in force
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Fig. 5. Work loops calculated directly from the force/length traces in Fig. 3. The area within the loops is equal to the dmteviorkhe
cycle. The arrows show the counterclockwise direction of progression of the loop. The bold portions of the lines indicatgogesgphic
activity.

development resulted in differences in the appearance of work vivo over the same intervals. Whole-body power during
loops between individuals, the general patterns of force/lengpresurgical flight recordings of ascending flight was
behavior and the calculated work and power output wer&7.6+3.3W (=3), indicating that flight performance was not
consistent across individuals (see below). hindered by the surgical procedure or by the additional drag
The area within each work loop represents the net workkom the cable and implanted instruments.
done by the muscle during the cycle. The small loop at
maximum length in the work loop for mallard 2 results from . .
the drop in force following the upstroke/downstroke transition Discussion
which, as we noted above, is probably an artifact of gauge Pectoralis force/length behavior
misalignment. Mean net work per cycle ranged from A central goal of this study was to characterizevivo
1312+248 mJ N=4) during ascent to 1004+172mBl#4)  pectoralis force/length behavior in mallards with respect to
during level flight (Table 2). Multiplying by wingbeat mechanical work and power output and to compare this for two
frequency gives an average mechanical power output of thaffering modes of flight. A second goal was to compare these
pectoralis over an entire wingbeat cycle of 11.6+1.8 W duringneasurements with similar measurements obtained previously
ascending flight and 8.4+1.5W during slow level flight.for pigeons during slow level flight. Our results indicate that
Accounting for both pectoralis muscles, therefore, gives a totéhe general pattern of pectoralis force/length behavior during
mechanical power output of 23.2W during ascent and 17.0 \light in mallards is similar to that observed in pigeons.
during slow level flight (Table 2). These values correspond télowever, the contractile dynamics of the mallard pectoralis
a muscle-mass-specific power output of 174.2+31.2W kg demonstrate several features that may serve to augment force
during ascent and 130.9+47.7 Wkgluring level flight andto and mechanical power produced over the course of the
a body-mass-specific power of 23.3+3.8 and 17.0+2.6 W/ kg wingbeat cycle.
respectively (Table 2). Whole-body climbing power The length trajectory observed in the mallard pectoralis was
calculated from video recordings of the ascending flightonsistently asymmetrical, with the shortening phase occupying
sequences used fam vivo analyses was 17.5+2.6 WN£3)  approximately two-thirds of the cycle in both flight modes. This
compared with the pectoralis power of 23.2+3.5W measures similar to the pattern of pectoralis length change recorded in
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silver king pigeons, in which shortening made up 63% of theinder comparable conditions of performance. However, our
cycle period during slow level flight (Biewener et al., 1998).data do not allow us to test this possibility.
Such an asymmetry has been shown to enhance powerFinally, as noted above, force development is also probably
production in cyclical contractiona vitro (Askew and Marsh, augmented by the prolonged stretch of the muscle and strain
1997). By increasing shortening duration, a muscle can achieemergy released in elastic elements when the muscle begins to
a larger strain at a given cycle frequency, which may allow it tgshorten. Active lengthening of the mallard pectoralis, however,
contract at a shortening velocity that optimizes its power outpuis so large (on average, approximately 10 % of resting length)
Consistent with this interpretation, the shortening strain of théhat it must require the detachment and re-attachment of cross-
mallard pectoralis was large (29 % during slow level flight, 36 %bridges over several cycles. While this may limit the extent to
during ascent) and similar to the amplitude of strain observeghich active stretch can enhance force development, evidence
previously in the pigeon (32% during slow level flight; exists that force enhancement can be achieved even when
Biewener et al., 1998). However, confirmation that the muscle’stretch occurs at longer lengths where the overlap between the
in vivo shortening velocity and strain pattern maximize powethick and thin filaments is decreased (Edman et al., 1978).
output will requiran vitro or in situmeasurements showing that Previous studies have also suggested that a muscle’s ability to
the force/velocity properties and power characteristics of aviadevelop force under dynamic conditions can exceed what
pectoralis fibers match the patterns observed for mouse museleuld be expected from its standard force/velocity properties
fibers (Askew and Marsh, 1997). (Franklin and Johnston, 1997; Stevens, 1993). Although the
Earlier studies have also suggested that a longer shorteniagact mechanism for this is unknown, it is suspected that active
phase may favor increased power output by providing a longéengthening of the muscle is a contributing factor (Franklin and
period of activation to enhance force development (Askew andbhnston, 1997).
Marsh, 1997; Josephson, 1985). Consistent with this, we found Although our measurements indicate that significant
that EMG duration occupied a slightly greater (though nohegative work is done against the mallard pectoralis during the
significant) fraction of the wingbeat cycle during ascent, whichupstroke, the increased force and power output that probably
presumably requires higher force and power output comparedsult from its active lengthening would appear to augment
with slow level flight. In both flight modes, the timing and considerably the net work and power achieved over an entire
duration of neural activation enabled the pectoralis to generaténgbeat cycle. The maximal muscle-mass-specific power
force throughout all but the last 2-3 ms of the shortening phaseported here (174 Wkg) exceeds that estimated for pigeons
(Figs 3, 4). Finally, an extended shortening phase (at a givea19Wkg?; Dial and Biewener, 1993) and matches the
frequency) requires an abbreviated lengthening phasijghest muscle-mass-specific induced power obtained on the
necessitating a higher velocity of muscle stretch. Increasduhsis of the maximum load-lifting capacity of flying animals
stretch velocity has been shown to increase the rate of for¢#11-177 Wkg!; Marden, 1987). The high muscle-mass-
development when a muscle is actively lengthened (Askew argpecific power output of the mallard pectoralis is consistent
Marsh, 1997; Edman et al., 1978). Consequently, this suggeststh its relatively small size and high operating stress. Previous
that the distinct and prolonged period of active lengtheningtudies (Marden, 1987; Marden, 1994) suggest that a pectoralis
may represent a third factor important to the force developmeias small as that of the mallards in this study (13.6 % of body
and power output of the mallard pectoralis. mass), given similarly proportioned supracoracoideus and
The peak forces that we recorded from the mallard pectoraldistal wing muscles, would be indicative of marginal flight
during flight indicate high intramuscular stresses. Mean peatapability. However, the birds in this study were clearly
myofibrillar stresses (calculated from mean muscle force/measapable of explosive, near-vertical take-off and ascent. Hence,
muscle area) of 236 kPa during ascending flight and 226 kRheir burst flight capacity may well reflect power augmentation
during level flight were far greater than those previouslyresulting from greater muscle recruitment and force
reported for starlings (122kPa; Biewener et al.,, 1992) andnhancement due to active lengthening during the upstroke.
pigeons (77kPa; Dial and Biewener, 1993). The greater
pectoralis stress observed in mallards may reflect, in part, the  Effect of flight mode on pectoralis and whole-body
muscle’s smaller size compared with that of pigeons (13.6 % performance
of body massversus20.0% in pigeons; Dial and Biewener, Because of the need for potential energy gain, the
1993) and the mallard’'s greater wing loading (see below)nechanical requirements of ascending flight are expected to
When normalized to body ma&&s (assuming isometry), exceed those of slow level flight. We hypothesized that this
myofibrillar area — a better measure of a muscle’s forceincreased power demand would be met by similarly matched
generating ability — is also much lower in mallards (0.20) thaincreases in the magnitudes of pectoralis muscle force, cycle
in pigeons (0.34). However, this is not the case for starling$requency and fascicle length change. However, we found that
which have a comparably sized pectoralis [15 % of body maghe higher power requirements of ascending flight were met
and an area/(body ma3%3)ratio of 0.20], but generate 50% mainly by an increase in pectoralis muscle strain (from 0.29 to
lower stresses during flight. It therefore also seems likely thdt.36; a 24 % increase), with a smaller increases in force (from
the greater stresses within the mallard pectoralis may refletd7 to 113N, a 6% increase) and wingbeat frequency (from
greater recruitment of the muscle’s motor unit populatior8.4 to 8.9 Hz, a 6 % increasey.g. Due to the relatively small
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sample sizen=4), none of these differences are statisticallysmall fraction of that produced by the pectoralis. Another
significant.] As a result, significant increases in shorteningossibility is that one or more components of aerodynamic
velocity, muscle work, total muscle power and body-masspower (e.g. induced power) may be substantially lower
specific power (with an upward trend in muscle-mass-specifiduring a climb than during slow level flight. However, we
power) were observed during ascending flight (Table 2are unaware of published evidence, particularly for avian
Fig. 6). Because any increase in shortening velocity to increaslapping flight, which shows this to be the case. Finally, we
power reduces the ability of a muscle to generate force, tteiggest that the discrepancy between whole-body power
potential for increasing power through greater force productiorelative to pectoralis muscle power may reflect the use of
in combination with greater strain and frequency may b@&on-steady mechanisms for lift generation that allow a more
limited. The high myofibrillar stress observed during slowefficient translation of muscle mechanical power into useful
level flight (226kPa) also indicates substantial muscleerodynamic power during the climbing flight of mallards.
recruitment for this level of performance, suggesting that th&uch non-steady effects have been shown to be important in
margin for additional recruitment to increase force forinsect flight (e.g. Dickinson et al., 1999; Willmott and
ascending flight may be rather small. The limited increase i&llington, 1997; Weis-Fogh, 1973) and, we believe, may also
frequency suggests that the mallard pectoralis may operatels important during flight in birds. Future studies of avian
a contractile frequency that approaches an optimum for powe&ring kinematics in relation to airflow over the wings would
generation at the length trajectory used (Askew and Marslkye of considerable value in evaluating this possibility.
1997). This is supported by the observation that the relative
timing of activation, force development and fascicle length ~ Pectoralis performance in mallard@rsuspigeons
change generally remained the same for both flight modes (Fig. The silver king pigeonsQolumbia livig used in a similar
4), leading to consistent work loop shape across flight mod&udy ofin vivo pectoralis performance (Biewener et al., 1998)
for each individual (Fig. 5). are selectively bred, large racing pigeons. Despite having a
Kinematic analysis of the movement of the center of masS0% greater body mass than that of silver king pigeons, the
during the ascent phase revealed a mean whole-body climbinggallards studied here had only a 16 % greater pectoralis mass.
power of 17.5W, compared with the 23.2W obtained fromn addition, the mallards had a 42 % greater wing loading (body
thein vivo measurements for the same flight sequences. Thigeight per unit wing area) than the silver king pigeons.
suggests that the power requirement of climbing flight isTherefore, the mallards had both smaller pectoralis muscles
probably not a simple linear sum of the power required foand smaller wings than the pigeons for their size (Fig. 7;
level flight and the rate of potential energy gain. Otherwise, th€able 3), suggesting a greater muscle power requirement to
expected mechanical power output during ascent would be ashieve a given amount of body-mass-specific aerodynamic
high as 34.5W (17.0W for level flight power plus 17.5W power.
climbing power) instead of the 23.2W we report here. One The morphology of the DPC also differs somewhat between
possible explanation for this discrepancy is that other winghese two species in that the mallards have a relatively longer
muscles (e.g. supracoracoideus) may contribute usefaind less pronounced DPC. Although this probably introduces
aerodynamic power during ascent, which our pectoralisome variation in the principal strains developed within the
measurements ignore. However, given that the pectoralis BPC of mallards compared with pigeons, the general patterns
considerably larger than the supracoracoideus and all othef principal tensile strain resulting from pectoralis activity are
forelimb muscles combined, and that it can power level flightuite similar. In both species, the principal strain orientation
when active alone (Dial, 1992), we believe that the powevaries over a similar range during the downstroke and is nearly
contribution of the other wing muscles is probably a fairlyperpendicular to the longitudinal axis of the humeral shaft at
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peak strain (compare Fig. 1 here with Fig. 1 in Dial andduring the downstroke, our calculations of the mechanical
Biewener, 1993). The similarity in principal strain patternadvantage of the wing in mallards compared with that of white
suggests that morphological differences in the DPC betweararneaux pigeons yield nearly identical values: 0.100 and
the two species have only a modest effect on pectoralis for€e099, respectivelyN=2 for each). Although this approach
measurements derived from DPC strain, given appropriais oversimplified, it nevertheless suggests that mechanical
strain gauge alignment. advantage is unlikely to be a major factor underlying the
A comparison of the pectoralis performance of the mallardebserved differences in the magnitude of force generation
and pigeons during slow level flight (Fig. 7) reveals thatetween these two species.
wingbeat frequency and pectoralis fascicle strain are similar The higher force requirement of the mallard pectoralis is
for both species, with the pigeons exhibiting slightly highemprobably met by a combination of greater motor recruitment
mean values for both variables. As a result, the pigeoand enhancement of the force generated by activated fibers
pectoralis achieves a significantly greater shortening velocitsesulting from their being actively lengthened. Although this
than that of the mallard. However, because the magnitude phttern of active lengthening is prominent in the mallard, it is
pectoralis force generated by the mallards was far greater (X& less evident in the contractile dynamics of the pigeon
times) than that of the pigeons, pectoralis work, power angectoralis. Direct recordings of fascicle length change and
muscle-mass-specific power are all significantly greater in thiorce in the pigeon pectoralis (Biewener et al., 1998)
mallards. Nevertheless, because of the relatively smaller sikemonstrated only modest active lengthening, with force
of the mallard pectoralis and their slightly lower wingbeatdeveloping over a narrower range of fascicle length about the
frequency and muscle strain, whole-body mass-specific powepstroke/downstroke transition. The size and morphology of
is nearly equivalent in these two species during slow leveahe pigeon apparently allow it to achieve sufficient mass-
flight (Fig. 7), consistent with the classical aerodynamicspecific power for slow level flight without incurring the high
prediction of size-independent mass-specific  powemyofibrillar stress observed in the mallard, suggesting that
requirement for flight (Ellington, 1991). pigeons may have a greater capacity for increasing power and
The difference in pectoralis force output for these twooverall flight performance. This is supported by the fact that
species may be largely explained, therefore, by the greataild-type pigeons can achieve a greater body-mass-specific
body mass and greater wing loading of the mallards, whichlimbing power (26.4 W kg}; Dial and Biewener, 1993) than
require them to generate greater muscle forces to achiettee 17.5Wkg! found here for mallards.
equivalent mass-specific aerodynamic pressure. Another The relatively small pectoralis and long, high-aspect-ratio
possibility, suggested by their relatively shorter, more roundedings of the mallards may adapt them to high-speed, long-
wings compared with the higher-aspect-ratio wings ofdistance migratory flight, for which aerodynamic power
mallards, is that the pigeon pectoralis may have a greatezquirements are minimal. However, these characteristics
mechanical advantage for generating aerodynamic forcenay also limit their capacity for low-speed and maneuvering
Because of the uncertainties of defining the likely time-varyindlight, particularly in comparison with pigeons and other
location of the center of aerodynamic pressure acting on tremaller, more agile species. It will be interesting to examine
wing during flapping flight, confirmation of this hypothesis ismechanical power performance in other anseriform birds of
not possible. However, using the center of area of the extendedrious sizes (e.g. teal, geese and swans) to determine
wing as an approximation of the center of pressure on the winghether these birds exhibit a similar pattern of constraint on
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