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Summary

Wing upstroke in birds capable of powered flight is
kinematically the most complicated phase of the wingbeat
cycle. The M. supracoracoideus (SC), generally considered
to be the primary elevator of the wing, is a muscle with a
highly derived but stereotyped morphology in modern
flying birds. The contractile portion of the SC arises from
a ventral sternum, but its tendon of insertion courseabove
the glenohumeral joint to insert on the dorsal surface of the
humerus. To clarify the role of the SC during wing
upstroke, we studied its contractile and mechanical
properties in European starlings Sturnus vulgari§ and
pigeons Columba livig), two birds with contrasting flight
styles. We maddn situ measurements of isometric forces
of humeral elevation and humeral rotation and, in
addition, measured the extent of unrestrained humeral
excursion during stimulation of the muscle nerve. We also

greatest active force is high on the ascending limb at joint
angles coincident with the downstroke—upstroke transition,
a time when the humerus is depressed below the horizontal
and rotated forward maximally. As the SC shortens to
counterrotate and elevate the humerus during early
upstroke, the potential for active force at shorter lengths
declines at a relatively rapid rate.

These findings reveal that the primary role of the SC is
to impart a high-velocity rotation of the humerus about its
longitudinal axis, which rapidly elevates the distal wing.
This rapid twisting of the humerus is responsible for
positioning the forearm and hand so that their subsequent
extension orients the outstretched wing in the parasagittal
plane appropriate for the subsequent downstroke. We
propose that, at the downstroke—upstroke transition,
variable levels of co-contraction of the M. pectoralis and

generated passive and active length—force curves for the SC SC interact to provide a level of kinematic control at the

of each species.

Stimulation of the SC at humeral joint angles of
elevation/depression and protraction/retraction coincident
with the downstroke—upstroke transition and mid-
upstroke produced substantially higher forces of long-axis
rotation than elevation. When the humerus was allowed to
move (rotate/elevate) during stimulation, we observed
rotation about its longitudinal axis of up to 70-80°, but
humeral elevations of only 40-60 ° above the horizontal (as
measured in lateral view). In the active length—force
experiments, we measured mean §b.) maximal tetanic
forces of 6.5+1.2N for starlings l=4) and 39.4+6.2N for
pigeons (N=6), unexpectedly high forces approximately 10
times body weight. The working range of the SC in both
species corresponds to the ascending limb (but not the
plateau) of the active length—force curve. The potential for

shoulder that would not be possible were the two
antagonists to work independently.

The lack of a morphologically derived SC in Late
Jurassic and Early Cretaceous birds precluded a high-
velocity recovery stroke which undoubtedly limited
powered flight in these forms. Subsequent evolution of the
derived SC capable of imparting a large rotational force to
the humerus about its longitudinal axis was an important
step in the evolution of the wing upstroke and in the ability
to supinate (circumflex) the manus in early upstroke, a
movement fundamental to reducing air resistance during
the recovery stroke.

Key words: length—force, supracoracoideus muscle, bird flight, flight

evolution, flight muscle, flight control, starlingturnus vulgaris
pigeon,Columba livia

Introduction

The evolution of powered flight in birds from their theropodfossil birds provide insight into this general pattern of
ancestors, beginning with the Late Jurassic fornreorganization which includes elongation of the coracoids,
Archaeopteryx demonstrates a number of advancedscapulae aligned with the vertebral column which join the
musculoskeletal reconfigurations of the shoulder. The recerbracoid at an acute angle, a furcula in at least two specimens
discoveries of a series of Late Jurassic and Early Cretaceoasd, the trait often considered to be critical for powered flight,

*e-mail: Samuel_Poore@Brown.edu



2988 S. O. PORE AND OTHERS

a keeled sternum (for a review, see Chiappe, 1995). Thehich directs the tendon of the SC laterally (Ostrom, 2%J6
importance of a keeled sternum for the attachment of the Mn Late Jurassic and Early Cretaceous birds (e.g.
pectoralis (pars thoracicus), the muscle that powers th&rchaeopteryx precludes a high-velocity recovery stroke
downstroke, is readily recognized (but see Pennycuick, 1988)hich undoubtedly limited powered flight in these forms.
Less appreciated is the importance of the sternal keel for tf&ubsequent evolution of the derived SC capable of imparting
extensive origin of the M. supracoracoideus (SC) (Olson and large force to the humerus about its longitudinal axis was
Feduccia, 1979). The M. supracoracoideus in modern birdsgitical for the evolution of upstroke and, as we propose
possesses a tendon of insertion that traverses dorsally from éisewhere (Ostronat al. 1997), was an important second step
contractile portiobelowthe glenoid, through an osseous canalin the evolution of an ability to supinate (circumflex) the manus
(foramen triosseum), to insert on the dorsal aspect of the early upstroke, a movement fundamental to reducing air
proximal humerus. The highly derived morphology of the SCresistance during recovery.
a characteristic of modern birds capable of powered flight, was
not present inArchaeopteryxOstrom, 1976,b; Wellnhofer,
1988, 1993), nor is there firm evidence for its presence in Materials and methods
recently described Mesozoic species (Chiappe, 1995; &anz We measured the mechanical properties of the M.
al. 1996). It is reasonable to assume that the selectivgupracoracoideus (SC) and the wing movements provided by
advantages must have been high for redirecting the insertidéts in situ activation in 12 adult pigeon€élumba livig and
tendon of the SC from its primitive anteroventral insertion omine adult European starlingStgrnus vulgaris We measured
the humerus to the dorsal attachment present in modern birthe extent of unrestrained humeral rotation and elevation, the
and that this reconfiguration is functionally important forisometric forces of humeral long-axis rotation, and active and
sustained powered flight (Olson and Feduccia, 1979; Rayngrassive length—force relationships. Birds were administered
1991). ketamine (pigeons, 60mgkyg starlings, 40mgkd) and
The role most often attributed to the SC is humeral elevatiorylazine  (pigeons, 6mgké,  starlings, 4mgkd)
during the upstroke phase of the wingbeat cycle. For manptramuscularly to induce deep anesthesia for surgical
species of birds, the upstroke of the wing, kinematically th@rocedures; supplementary ketamine was given as needed. All
most complicated phase of the cycle, involves rapicirds were captured from wild populations in Rhode Island and
withdrawal of the wing towards the body to reduce its surfacélassachusetts and housed in the Brown University Animal
area and inertia. In addition, the wing is rapidly extended afare Facility. The starlings were fed dry dog food and meal
late upstroke into position for the subsequent downstrokelorms, and the pigeons were fed cracked corn. Both species
(Brown, 1951, 1963; Diadt al.1991; Ruppell, 1975; Simpson, were given waterad libitum). This study was performed in
1983). accordance with NIH Guidelines on the Use of Animals in
To clarify the role of the SC during wing upstroke, weResearch.
studied its contractile and mechanical properties in European
starlings Sturnus vulgarisand pigeonsColumba livig, two Humeral excursion
birds with contrasting flight styles. We made situ We must emphasize for consideration throughout this report
measurements of the isometric forces of humeral elevation aridat contraction of the SC results in a complicated movement
long-axis humeral rotation during stimulation of the SC andof the humeral head within/across the surfaces of the glenoid.
in addition, measured the extent of unrestrained humer@s the SC shortens, the humerus is simultaneously elevated
excursion. We also generated passive and active length—foraad rotated about its longitudinal axis. The extremes of
(length—tension) curves for the SC of each species angtation, resulting in the anterior edge of the deltopectoral crest
interpreted these within an evolutionary and functionaldeflecting below the horizontal during downstroke and a
framework. counter-rotation resulting in the anterior edge of the
Our most significant finding, which was the basis for adeltopectoral crest deflecting above the horizontal during
preliminary report (Pooret al. 1997), reveals that the primary upstroke, are limited by the coracohumeral and
role of the SC is to impart a high-velocity rotation of thescapulohumeral ligaments, respectively (Sy, 1936; Jenkins,
humerus about its longitudinal axis. The rapid twisting of thel993). Between the two extremes, however, the bulbous
humerus is responsible for positioning the forearm and handumeral head possesses extensive freedom of movement which
so that the ventral surface of the wing faces laterally at thmakes its kinematics difficult to describe (Sy, 1936; Simpson,
upstroke—downstroke transition. The muscle’s bipinnatd983). We restrict our analysis in this report to descriptions of
architecture, short moment arm across the glenoid and capacitgtantaneous windows of humeral elevation and rotation from
for high force production support this conclusion. The workingwithin this range of complex kinematics. Though limited, these
range of the SC in both species corresponds to the ascenditgta reveal elements of wing upstroke heretofore not
limb of the active length—force curve below the potential forappreciated.
maximum force. In both species, we measured tetanic forces
of 7-10 times body weight. The lack of a morphologicallyNon-reduced preparations
derived SC, as indicated by the lack of an acrocoracoid processWe measured the extent of humeral elevation and rotation
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during direct muscle stimulatidn situin intact adult starlings measurements (three trials) were made by three investigators
(N=3) and pigeonsN=3). Following anesthesia, we removed and the results were averaged. We fixed the humerus to
the feathers over the vertebral column and inserted bipol&orrespond to the instantaneous vivo joint angles of
stimulationg electrodes into the SC percutaneously. Electrodefevation/depression and retraction reported for starlings (Dial
(pigeons, 10@um diameter, 1.0 cm exposure; starlingspys0 et al. 1991) (1) at the downstroke—upstroke transition and (2)
diameter, 0.5cm exposure) were designed to provide strorad mid-upstroke. The same angles were used for pigeons and,
intramuscular stimulation but negligible volume-conductedn our estimation, are conservative.

‘cross-talk’ to adjacent muscles (M. coracobrachialis posterior
and M. pectoralis). In one experiment, volume-conducted
electromyograms were assessed from these muscles usidgrestricted movement

silver electrodes (10@m diameter, 0.5 mm exposure, 0.5mm Initially, we allowed the humerus to respond freely to
intra-tip distance). We hand-held the bird, activated the SC (0gtimulation and muscle shortening. Similar to our procedure
ms pulse duration; 60-100Hz, 2.0s train duration), anevith the non-reduced preparations, we made measurements of
measured the extent of humeral elevation in lateral view [ththe extent of humeral elevation using a protractor in lateral
angle formed by the long axis of the humerus and the dorsalew and frontal view. We also examined the extent of humeral
border (vertebral border) of the scapula] and frontal view (theotation by observing the change in orientation of the wing’s
angle formed in the parasagittal plane by the long axis of theentral surface as the SC shortened.

humerus and the horizontal) using a protractor. Independent

measurements (three trials) were made by two investigatof3estricted movement

Excursions of humeral elevation and rotation

and averaged. Subsequently, we inserted a 23 gauge needle into the distal
_ end of the humeral shaft, thereby allowing ‘free’ rotation but
Reduced preparations preventing the elevational component of movement. A

We performed acutén situ experiments on anesthetized second, 3.0cm 26 gauge needle inserted into the distal
adult starlingsNi=2) and pigeond\=2) after surgical isolation humeral shaft perpendicular to its longitudinal axis served as
of the SC. The feathers were removed from the entire lett ‘dial’ against the protractor. Rotational excursion was
shoulder and the region over the M. pectoralis. We exposed theeasured at the two fixed angles of the humerus
dorsal musculature by a long mid-line incision through the skiorresponding to the two kinematic positions. We set the angle
between the scapula and the vertebral column. After bisectirgf depression, the angle formed by the long axis of the
the M. lattisimus dorsi and the M. rhomboideus muscles andumerus above and below the vertebral columr;18t° for
cutting the posterior air sacs, we inserted a trachea tube tioe downstroke—upstroke transition and 0° for mid-upstroke.
provide unidirectional ventilation of warmed and humidifiedThe angle of retraction of the humerus, the angle formed by
air (either a mixture of 60% MN40% Q or 100% Q). Care the long axis of the humerus and the long axis of the vertebral
was taken not to interrupt the muscles’ blood supply, and bodyolumn as viewed from above, was 60° at the
temperature was maintained at 39°C with warmed aviadownstroke—upstroke transition and 30 ° at the mid-upstroke.
Ringer and/or a heat lamp. With exception of the nerve to the
SC, all other nerves emerging from the left brachial plexus!sometric forces of humeral elevation and rotation (torque)
were severed to prevent their stimulation through reflex We measuredin situ isometric elevational force and
activation or volume conduction. Bipolar silver electrodes irrotational force applied to the humerus by the SC in each
contact with the nerve were used for muscle stimulation. Wepecies. A short piece of silk (compliance Qu4SN-1cm™1),
inserted fine wire bipolar electrodes (insulated silver,)t@0 tied around the mid-shaft of the humerus at one end and
diameter, 0.5 mm tip exposure, 1 mm inter-tip distance) into thattached to the force transducer at the other, transmitted the
SC with the aid of a 25 gauge hypodermic needle to alloorce of elevation but allowed for rotation during nerve
recording of electromyographic signals. The M. pectoralistimulation (0.2ms pulse duration, 60Hz, 500ms train
(pars thoracicus) was detached from its insertion on the ventrdliration). We estimated the force of elevation at the wing's
surface of the deltopectoral crest, and those muscles from thenter of mass at the two wing positions by proportionality
acromion of the scapula and the acrocoracoid process of thising the known force and lever arm lengths. The wing’s center
coracoid that traverse dorsally over the tendon of insertionf mass was determined by freezing the left wing at the
tendon of the SC were transected and reflected (M. deltoideappropriate elbow and wrist joint angles and placing the wing
complex and M. propatagialis complex). The bird was mountedn a pivot (1.5mm diameter) oriented perpendicular to the
onto a heavy frame by clamping the carina of the sternum, theentral surface of the wing. We moved the pivot until a
acrocoracoid process of the coracoid and the medial border bérizontal balance was reached; this position was taken to be
the scapula. The protractor was mounted and aligned with thiee center of mass.
axis of rotation of the humerus. We measured the extent of For the isometric rotational force measurements, we drilled
humeral excursion (elevation and longitudinal rotation) duringa small hole in the deltopectoral crest (with a drimmel tool)
supramaximal tetanic stimulation of the nerve (0.2ms pulsthrough which we threaded a short piece of silver wire
duration, 60Hz, 2-3s train duration). Independeni{0.38 mm diameter). We attached the wire to the force
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transducer mounted below the wing. The distal end of the Results
humerus was stabilized as described above by inserting a 23 Myology

gauge needle into its shaft. The general arrangement of the M. supracoracoideus in birds

B . : is given by George and Berger (1966). We employ the
Length—force relationships nomenclature set forth INomina Anatomica AviurfBaumel,

We derived active and passive length-force curves for thggzgy | the starling and pigeon, the M. supracoracoideus lies
SC by direct nerve stimulation following isolation of the deep to the M. pectoralis pars thoracicus (primarily the

tendon of insertion in adult starlings<4) and pigeons\N=8).  gtemobrachialis) in both species (Fig. 1). Its fascicles arise
The tendon of the SC was prepared by retracting the deltojgh, the dorsal half of the carina, from the adjacent body of
and propatagialis muscles from the dorsal aspect of thgg sternum, from a small area on the base of the
humerus, cutting the bone around the tendon’s site qfyracqclavicular membrane and from the coracoid adjacent to
attachment using a drimmel tool, and removing the bone chig,e ¢qracosternal joint. The tendon of insertion passes dorsally
along with the tendon. This tendon/bone structure served a%ough the triosseal canal (formed by the coracoid, scapula
sturdy attachment for the force transducer. Before we removeg, fyrcula) and courses anterolaterally to insert on the dorsal
the tendon and bone chip, a marker was placed on the scapWitace of the proximal humerus, on the external tuberosity
fqr later correlation of tendon length to humeral joint angles (tuberculum dorsale) above the glenohumeral joint (Figs 1, 2).
vivo. We fastened the bone/tendon structure to the forcene pipinnate architecture of the SC is evident in both species.
transducer with a 5-0 gauge silk tie after the bird had beepne anterodorsal- and posterodorsal-oriented fascicles attach
stabilized by clamping the sternal keel, proximal coracoid ang}, 5 central tendonous sheath (membrane) in the muscle’s belly
vertebral margin of the scapula to a heavy frame. The forGghich courses dorsally as the tendon of insertion. The
transducer was mounted on an adjustable rack and piniQfyterodorsally oriented fascicles, those arising from the carina
(millimeter calibration) above the tendon of the SC, whichyq the sternum, are longer than the posterodorsal fascicles
allowed incremental muscle length change. which arise from the coracoclavicular membrane. In the
We measured the muscle’s passive and active length—foreg, jing a small sesamoid bone, the Os humerocapsularis, is

properties at a series of lengths encompassing the musclgfpedded in M. deltoideus cranialis and attaches to the SC
normalin vivo excursion. The active length—force curves were

generated from maximal twitch responses (supramaximal
stimulus, 0.2 ms pulse duration) so as not to damage or fatigue Insertion of

the muscle by repeated tetanus. Each curve was generated by M. supracoracoideus
lengthening the muscle in 1.0mm increments over its |
physiological working range. Between each measurement, v
returned the muscle to the length for ‘zero’ passive tensior
waited 5.0 s, and then pulled the muscle to a new longer lengi Humerus
We waited 2.0s before either measuring the passive force

stimulating the nerve (active series). At the end of eac  Coracoid
experiment, we measured maximum whole-muscle tetani
force (0.2ms pulse duration, 60 Hz, 500 ms train duration) &
the length coincident with maximum twitch force. We
measured the muscle’s twitch contraction time (time-to-pea

Scapula

Furcula

Triosseal
canal

M. supracoracoideus

force) from the onset of the electromyogram to peak force ¢ Sternum
the same length. All data were digitally recorded (10 MHz) ant 'm'

stored on disk for off-line analysis on a Nicolet 400 serie:
waveform acquisition system.

We correlated absolute muscle length to humeral angle «
elevation and depression by manipulating the contralater:
wing in each bird after it had been killed (sodium pentobarbita..
100mgkg?). We dissected the origin of the SC from its Fig. 1. Anterolateral view of the right shoulder of a European starling

membranous and skeletal attachments, mounted the bird ir(Sturnus vulgaris The pectoralis has been removed as well as all

stereotaxic frame and attached the free belly of the SC to 2ther wing and shoulder musculature to expose the M.
supracoracoideus (SC) and its tendon of insertion on the dorsal aspect

adjustable rack and pinion. This configuration allowed us t o o .
inulate wing elevation. depression and rotation. and 1of the humerus, a positi@bovethe glenohumeral joint. The fascicles
manipu 9 . ’ P . N of the SC arise from the dorsal half of the carina of the sternum, the
correlate these with changes in tendon excursion. Wadjacent body of the sternum and a small area on the base of the

manipglated .the humerus throughout thevivo e'xcursion _ sterno-coraco-clavicular membrane (see Fig. 2). Note the bipinnate
range in 10 ° increments above and below the horizontal, whicarchitecture of the SC with its relatively short and oblique fascicles.

allowed us to correlate the twitch force at each muscle lenghis fascicle architecture limits shortening excursion but maximizes
to its corresponding wing angle. force production.
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tendon by a small tie ligament. This ligament redirects the

— Humerus tendon of the SC anteriolaterally (see Fig. 5; Fig. 3 in Bial
Deltopectoral crest — il al. 1991)
External tuberosity ) . .
M. supracoracoideus Elevation and rotation of the humerus
tendon The SC of both species elevates and simultaneously rotates
Lig. scapulohumerale ___ Scapula the humerus about its long axis, an extremely complex

dorsdle movement. The two movements are presented separately for

the purposes of description, but their interrelationship should
Acromium process be kept in mind. The cinematographic records of Jerias
(1988) of the wingbeat cycle of a European starling flying in
a wind tunnel serve to provide orientation to the general
kinematics of wing upstroke (Fig.3). The key humeral
movements during upstroke include retraction—protraction
(expressed in terms of the angle between the long axis of the
bone and the longitudinal axis of the body), rotation about its
' longitudinal axis and elevation (the angle between the vertebral
Mem. sternocoracoclavicularis AN /XY border of the scapula and the long axis of the bone as seen in
‘ lateral view). The downstroke—upstroke transition is
characterized by initiation of retraction, elevation and rotation
of the humerus, flexion of the elbow and flexion/supination of
the carpometacarpus (wrist) (Fig. 3A). By mid-upstroke, the
humerus is maximally retracted and the elbow and wrist are
maximally flexed (Fig. 3B). Late upstroke (Fig.3C) is
characterized by protraction/elevation of the humerus and
extension of the elbow and wrist. Humeral elevation, as seen

Fig. 2. Dorsomedial view of the right shoulder of an adult pigeon - -ieral view, is typically 40-60° above the horizontal.

(Columba livig. All musculature other than the M. supracoracoideus Th . " hi d led ith
(SC) has been removed. The belly of the SC is obscured in part\l%; ese cinématographic — records, — couple wi our

Lig. acrocoracohumerae | .
9 Coracoid

Process procoracoideus Icus M. supracoracoideus

T Y

Furcula

the thin sterno-coraco-clavicular membrane anteriorly and a hea Se'_'vat'ons duringp SItu.stlmuIatlons.,, prowde.detalls of hOW_
coracosternal ligament posteriorly. The muscle’s free tendon passHi€ Simultaneous retraction/protraction, rotation and elevation
lateral to the procoracoid process of the coracoid within the sulcus Mf the humerus during upstroke contribute to the appropriate
supracoracoideus, through the triosseal canal (see Fig. 1) and insdigpositioning of the wing for the subsequent downstroke
onto the external tuberosity (tuberculum dorsale) of the dorsal aspe(igs 4, 5). At the downstroke—upstroke transition, the
of the humerus. humerus may be depressed by 10-20 ° below the horizontal as

Fig. 3. General kinematics of wi

upstroke of the European starling

lateral view. Data are based ol A
cinematographic analysis of an a
bird flying at 8ms! in a wind tunne
(after Jenkins et al. 1988)
(A) Downstroke—upstroke transitic
(B) mid-upstroke; (C) upstrok
downstroke transition. Tl
downstroke—upstroke transition
characterized by initiation
retraction, elevation and rotation
the humerus, flexion of the elb
and flexion/supination of tl
carpometacarpus (wrist). By m
upstroke, the humerus is maxim:
retracted and the elbow and wrist
maximally flexed. Late upstroke
characterized by protractic
elevation of the humerus and
extension of the elbow and wrist. Humeral elevation, as seen in lateral view, is typically 40—60 ° above the horizontal.
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A

Fig. 5. Dorsal view of the right wing of an adult European starling in
three positions during the upstroke. (A) Downstroke—upstroke
transition; (B) mid-upstroke; (C) late upstroke. A small sesamoid
bone, the Os humerocapsularis (small arrow), slings the tendon of the
lcm SC and maintains an acute angle of insertion medially. The
Fig. 4. Frontal view of a European starling in three positions of thdnstantaneous angle of retraction/protraction of the humerus during
flight cycle during upstroke; renderings based on cinematographUpStmke has a profound effect on wing kinematics. A retracted
records andn situ stimulation of the SC. (A) Downstroke—upstroke position of the humerus as it is elevated into the parasagittal plane,
transition; (B) mid-upstroke; (C) late upstroke. At the characteristic for starlings, pigeons and many other modern flying
downstroke—upstroke transition, the humerus may be depressed birds, requires the humerus be rotated about its longitudinal axis
10-20° below the horizontal as it begins its retraction, rotation an(&rrow in B) in order to position the wing’s ventral surface laterally
elevation. By mid-upstroke, the humerus is fully retracted, rotatindor the downstroke that follows. For details of the Os
rapidly and parallel to the horizontal. By late upstroke, the humeruhumerocapsularis, see Fig. 3 in Dalal. (1991).
has rotated through 70-80° (note the translation of the ect

epicondyles, ent-epicondyles and deltopectoral crest of the humerus), L . . . .
elevated to its maximum of 40-60° and protracted to its full extentt P€QIns its retraction, rotation and elevation (Figs 4A, 5A).

of 50-60°. These simultaneous retraction/protraction, rotation anBy mid-upstroke, the humerus is fully retracted, rotating
elevation movements of the humerus serve to reposition the wingrépidly and is parallel to the horizontal (Figs 4B, 5B). By late
ventral surface laterally for the following downstroke. upstroke, the humerus has rotated through 70-80° (note the
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translation of the ect-epicondyles, ent-epicondyles andn the anteromedial margin of the proximal humerus (Fig. 5A,;
deltopectoral crest of the humerus, Figs 4, 5), is maximallgee also Figs 3 and 4 in Diat al. 1991). In starlings, the
elevated (50-60°) and is fully protracted (50-60 °) (Figs 4Cprotractive force acts to elevate the distal humerus after its
5C). The instantaneous angle of retraction/protraction of theotation into the parasagittal plane and contributes to its
humerus during upstroke has a profound effect on winglevation.

kinematics. If, for example, the humerus projected at a right

angle from the bird’s longitudinal axis at mid-upstroke and was Isometric forces of elevation and rotation

elevated 90° into the parasagittal plane, the wing’'s ventral The SC elevates and rotates the humerus, but its relative
surface would face laterally, the position appropriate for theontribution to rotation about its longitudinal axis is greatest
upstroke—downstroke transition. If at mid-upstroke thegTable 1). The forces of elevation measured at the mid-shaft
humerus is retracted to any extent, however, as is the case @dr the humerus coincident with the downstroke—upstroke
starlings, pigeons and many other modern flying birds, simplgansition and the mid-upstroke positions for a representative
elevation even through a full 90 °, will not position the wing'sstarling (starling 1, Table 1) were 0.94N and 0.60N,
ventral surface  appropriately; the surface facesespectively (Fig. 6). For a representative pigeon (pigeon 1,
posterolaterally, not laterally. In order to correct this, rotatioriTable 1), values of 9.3N and 8.3N, respectively, were
of the humerus about its long axis must also occur to an extergcorded at these two wing positions (Fig. 6). We observed
that is dependent on the angle of retraction at theotational forces at the center of the deltopectoral crest at the

upstroke—downstroke transition. two kinematic positions of 5.6 N and 4.6 N, respectively, for
starling 1 and 26.1 N and 32.1 N, respectively, for pigeon 1
Non-reduced preparations (Table 1; Fig. 6).

We observed full rotation of the humerus into the The measured mid-shaft elevational forces are higher than
parasagittal plane and elevations of 50-60 ° (in lateral view) ithose actually acting at the wing’'s center of mass. We used the
pigeons during stimulation of the SC. In these preparationsaws of proportionality, the mid-shaft force and appropriate
stimulation not only pulled the humeral axis into thelever arm lengths to estimate these actual forces of elevation.
parasagittal plane but drew its distal end across the midn starling 1 and pigeon 1, for example, the corrected forces of
vertebral axis to the contralateral side. elevation at the downstroke—upstroke transition were 0.4 N and

In the non-reduced starling preparation, in contrast, although.7 N, respectively, forces estimated to be 43% and 30% of
elevation/rotation occurred at stimulation, the humerus was ntthe respective measured mid-shaft values (Table 1).
fully rotated into the parasagittal plane. During stimulation in ) )
this species, the humerus also protracted in late upstroke, Length-force relationships
which appeared to limit the extent of its rotation. As a resultActive length—force curves
the apparent angle of elevation in lateral view was 60 °, but the Fig. 7A,B illustrates the active and passive length—force
angle formed by the longitudinal axis of the humerus and theurves for the SC muscle of the starling and pigeon. ‘Zero’ on
horizontal (in frontal view) was not as great as might behe abscissa corresponds to the length where measured passive
expected, approximately 60 °. When we retracted the elbow kgnsion is zero. The length from zero to the length where
10-20° during stimulation (top of the upstroke position),maximal twitch force was measured is 5.0 mm for the starling
however, the humerus did roll into the parasagittal planeand 8.0 mm for the pigeon. The ascending limb of the active
Movement of the distal humerus across the bird’s midline wasurve for both species rises rapidly with length change,
not observed in this species. particularly for the starling. The increase in active force for

In each of the non-reduced preparations, we carried out aach millimeter of length change in this species is almost 20 %
additional test by simultaneously providing moderate
intramuscular stimulation through percutaneous electrodes to
the sternobrachialis portion of the pectoralis as we stimulate ~ Table 1.Action of the M. supracoracoideus in reduced
the SC. In the pigeon, if the humerus was retracted to an ang preparations of pigeons and starlings
of 40° or less, the results for humeral translation were a Elevational force (N) Rotational force (N)
reported above. If the angle was greater than 40 °, however, t

humerus was elevated at a steep angle (to approximately 8C DS-US M-US DSUS  M-US
with little humeral rotation. Starling 1~ 0.94 (0.40)  0.60 (0.29) 4.2 4.0
Starling 2 0.89 (0.35)  0.42 (0.19) 5.6 4.6
Reduced preparations Pigeon1  9.30 (2.7) 8.30 (2.4) 26.10  32.10
Stimulation of the SC in pigeons and starlings resulted iPigeon 2 6.60 (2.0) 8.70 (2.6) 21.50 17.80

limited elevation of the humerus; 55-60° and 45-50°

respectively. In addition to rotation and elevation in the DS-US, downstroke—-upstroke transition; M-US, mid-upstroke.
starling, we observed protraction of the humerus durin¢ Elevational force was measured at the mid-shaft of humerus.
stimulation. Protraction is facilitated by the angle of theVaIues in parentheses represent the force at the wing’s center of mass

muscle’s tendon of insertion and of the surfaces of attachme€Stimated using known force/lever proportionality.
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of the maximum active force over the range 0-4.0 mnavailable for the pigeon; we made estimates from Brown
(Fig. 7A). For the pigeon, active force increases by1951) and Simpson (1983) and from isolated sequences of
approximately 10% of the maximum per millimeter over thepigeons in flight recorded on 16 mm film at 1000 framéés
range 0—8 mm. The steepness of the curves is in part a function
of the bipinnate structure of the SC and its short, obliqurh-
oriented fascicles. When the length—force relationship Starling
expressed as a function of the angle of depression/elevatio Downstroke-upstroke transition
the humerus (the angle in lateral view of the long axis
humerus and the scapula), it is evident that both species opt
on the ascending arm of the length—force curve (Fig. 8A,| "—"'_“_"_——“‘—
The downstroke—upstroke transition (at20°, starling; i,
estimated-20°, pigeon, in Fig. 8) is near the peak of the acti
length—force curve for both species.

Maximal tetanic forces were 6.5+1.2N for starlings4)
and 39.4+6.2 N for pigeon®€6) (mean 1s.p.). Mid-upstroke

Elevation Rotation

AR

Elevation Rotation

Passive length—force curves o

Mean (+s.E.M.) passive force values at maximimsitu —— T— : 5N
length were 1.0+0.10N for the starlingN<4) and .
5.0£2.0+0.45 N for the pigeomNE8) (Fig. 7A,B). When these —JMMMMML N
absolute values are expressed as a percentage of the ¢
twitch force, the passive force for the starling SC is 30%
the maximum active force and that for the pigeon is 10%
the maximum active force.

The comparative series elasticity of the tw
musculotendinous complexes is unknown but, if they ¢
comparable, the relationship between the profile of the pas:
length—force and the active length—force curves we meast
suggests that the starling SC is a relatively stiffer muscle tl Elevation Rotation

that of the pigeon. Y N |30 N

P,

Pigeon
Downstroke—upstroke transition

— A ——— g ot —— —

Discussion

The results contained in this report address the mechar
contractile properties of the M. supracoracoideus (SC) of t
species of birds with contrasting flight styles. Many oth Mid-upstroke
studies of the relationship between isometric musi
contractile properties and muscle length are concerned larg
with either the underlying properties of the contracti
machinery and its arrangement within sarcomeres (Gogtlol L
al. 1966,b; Keurset al. 1978; Rack and Westbury, 1969) o R AL
the effects of muscle architecture on the shape of the ac....
length—force curve (for a review, see Ettema and Huijingrig. 6. Isometridn situforces of elevation and rotation of the SC for
1994). The present study, however, relates to the more genethe European starling and pigeon. We measured the elevational force
issues of neural control and the evolution of neuroanatomicat the mid-shaft of the humerus and the rotational force at the
and musculoskeletal systems of locomotion. An underlyindeltopectoral crest with the wing joint angles set to coincide with
assumption is that the anatomical arrangement and fascicthose for the downstroke—upstroke transition and mid-upstroke. The
organization of the SC in all birds capable of sustained flappinStarling is *Starling 1" and the pigeon is ‘Pigeon 1’ of Table 1. In all
flight reflects an evolutionary response to the functiona®@ses: the muscle nerve was stimulated tetanically (0.2ms pulse
demands of powered flight. Thus, emphasis is placed upon tduratlon, 60Hz, 500ms train duration) and isometric force was

. . . o . recorded. Force is the upper trace; electromyogram activity is the
gctlon of the. SC during wing .movements in birds and its rOI'Iower trace. The mid-shaft forces of elevation shown here were
in the evolution of powered flight.

. . corrected to give a more appropriate estimation of the force of
We used as a reference for our physiological measuremergjeyation applied at the wing's center of mass and are reported in

the wing kinemqtics for Europgan Starlings flying in_ a windrable 1. The force of elevation produced by the SC on the humerus
tunnel reported in the cineradiographic study of [galal. is substantially lower than the force of rotation produced about its
(1991). Kinematic data of comparable precision are nclongitudinal axis.

Elevation Rotation

I
—— T e

100 ms



A case for long-axis humeral rotatioR995

Fig. 7. Total active and passi Starling (Surnus vulgaris) Pigeon (Columba livia)

isometric force of the SC as a funct 5 - _ 20 , -

of relative muscle length for ti | = Activetension A 181 " Activetension I B
« Passive tension * Passive tension I

European starling (A) and the pige
(B). Active length—force curves we
derived over a 5mm length change
the starling and a 12mm length cha
for the pigeon by eliciting twitc
responses  (single, supramaxil
stimulation; 0.2 ms pulse duration) ¢
series of lengths encompassing
muscles’ normal excursion range.
points shown represent mean twi
force (xs.E.m., starlingsN=4; pigeons : | : : : |
N=8) at each length and are separ 1 2 3 4 5 6 7
by 1.0mm increments. The len Length (mm)

from the point of zero passive tension

to the length of maximal active twitch force is 5.0 mm for the starling and 8.0 mm for the pigeon. Expressed as a percetdaljay €
displays a 20 % increase in active force production for each millimeter of length change over the range 0—-4.0 mm. For thetipigfmoe
increases by approximately 10 % for each millimeter over the range 0-8.0 mm. The ascending limb of the active length—fdiarebatives
species is steep, in part a function of the short and oblique fascicles associated with the bipinnate architecture dfethm&BeTcurves
are relatively steep, particularly for the starling for which the maximum active twitch force increases by 10 % for eachf le@gtimahange.
At the peak of the active curve in this species, passive force is approximately 50 % of the maximum active twitch force.

Force (N)

Fig. 8. Total isometric lengtt Starling (Sturnus vulgaris) Pigeon (Columba livia)

force curves of the SC as 5 20

function of angle of humer » Activetension A 1 = Activetension T B
elevation for the Europe [+ Passivetension ] 'Passwetensono [ =
starling (A) and the pigeon (E [ 167 ,§\°

For both species, the mus ] é?}

functions on the ascending lir
of the active length—force cun
not on the plateau. The peak
active force occurs near |
downstroke—upstroke transiti
(wing angle -20° for both
species), the length at which
muscle produces the maximi
twitch force. During upstroke,
the humerus elevates and rote
the potential for active for
production by the SC decreas
Angle of elevation was derivea
from absolute muscle length as described in Materials and methods.

Force (N)

50 30 10 ©O -20 -50

Wing angle (degrees)

a previous study (Goslow, 1972). The downstroke—upstrokigansition, a time when the humerus is depressed below the
transition in both species begins with the humerus below thieorizontal and rotated maximally forward. As the muscle
horizontal and is characterized by a rapid sequence of eversBortens to counterrotate and elevate the humerus during early
including simultaneous retraction, rotation and elevation of thepstroke, the potential for active force at shorter lengths
humerus, rapid flexion of the elbow and rapiddeclines at a relatively rapid rate.
flexion/supination of the wrist. A working range restricted to the ascending limb of the
curve is consistent with reports for many, but not all, locomotor
muscles for which direct length—force measurements have
Active length—force curves been made. Muscle use on the ascending limb, for example,
The working range of the SC in both species corresponds teas reported for three of four shoulder muscles of the savannah
the ascending limb of the active length—force curve. Thenonitor lizard {aranus exanthematicu§Younget al. 1990)
potential for greatest active force is high on the ascending liménd for all ankle extensor muscles of the striped skunk
at joint angles coincident with the downstroke—upstrok€Mephitis mephitis walking at two speeds (Goslow and Van

Functional implications of the length—force relationships
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De Graff, 1982). Stephers al.(1975) reported similar usage descending arm of the length—force curve (Fridén and Lieber,
of the medial gastrocnemius of cats during walking and 992).
trotting, and Goslow (1972) reported the same for several
hindlimb muscles in raptorial birds during their striking andPassive length—force curves
grasping behavior. There is evidence, however, that individual The presence of a significant passive force in the SC of
muscles may alter their working range depending on thstarlings may contribute to wing elevation or humeral
locomotor task and that muscle groups within a species maabilization when the bird is at rest. In both species, increasing
be differentially ‘specialized’ for work along a particular passive tension with humeral depression is presumably
region of the length—force curve. Stephenbsl. (1975) noted available to enhance wing deceleration/acceleration at the
that when a cat gallops, a more vigorous locomotor behaviatownstroke—upstroke transition. Most of the passive force in
than walking and trotting, the medial gastrocnemius is usedertebrate muscle is thought to be exerted by forces intrinsic
higher on the ascending limb of the length—force curve. Ito the resting sarcomere (Magid and Law, 1985). Experimental
jumping cats, a ballistic movement considered maximal for thetudies of the contribution of the endomysium to passive force
species, Zajac (1985) used theoretically computed sarcomenave focused primarily on the mechanical stiffness of this
length—force curves based on muscle geometry, fibezomplex for single muscle fibers (for a review, see Trater
architecture and joint angle trajectories, and correlated theal. 1995). These experimental data and analyses of the
with electromyographic activity for seven hindlimb muscles.endomysium using models (Purslow and Trotter, 1994) suggest
His calculations revealed that one of the seven muscldbat, because muscles can produce high isometric forces at
functions on the plateau and the others remain restricted to theeir optimal length, the endomysium, with its relatively low
ascending limb of the sarcomere length—force curve, thugnsile stiffness at that length and even longer lengths,
producing below maximal force. In other similar studies ofcontributes little to the longitudinal forces produced by the
sarcomere length changes, the swimming muscles of fishassociated contracting fibers. Our active force curves (Figs 7,
have been reported to operate on the plateau (Liebat.  8) are for isometric twitch not tetanus, and when the maximum
1992; Rome and Sosnicki, 1991) and frog hindlimb musclemean tetanic forces for the SC are considered (6.5N for
on the ascending limb (Mai and Lieber, 1990; Lieber andtarling; 39.4N for pigeon), it is evident that the passive
Brown, 1992) and plateau (Lutz and Rome, 1994) of the curveomponent is relatively small, particularly for the pigeon.
Lorenet al. (1996) recently reported that human wrist flexors There is indirect evidence from neuromuscular endplate
work primarily on the ascending limb, whereas wrist extensorstaining patterns, however, that the muscle fibers within the SC
contract predominantly on the plateau region. of starlings and pigeons, as well as other species of birds, are
In our estimation, humeral excursions during take-off, landingrganized in series (Gaunt and Gans, 1993). Microdissection
and hovering flight in starlings and pigeons are more extensive individual fibers within the SC is necessary for confirmation
than during level flight, but the data with which to assess thisf this organization. Nevertheless, for in-series muscles which
are not yet available. If so, contractions of the SC during thesmntain fibers that do not traverse the entire origin-to-insertion
maneuvers might occur at longer lengths which approach thength and do not contain myomous junctions for end-to-end
plateau of the curve. There are indirect data to support this idefarce transmission, the endomysium has been implicated in the
A diffraction study to determine the minimum and maximumtransmission of shear forces from one fiber to the next as the
sarcomere lengths in two species of birds, the budgerigavay in which forces are distributed from origin to insertion
(Melopsittacus undulatyis and zebra finch T@eniopygia (Purslow and Trotter, 1994; Trotter, 1993; Trotter and Purslow,
guttatg), predicted that the SC and pectoralis muscles work 0h992). If this is the case, the passive tension component may
the ascending limb as well as the plateau of their respectivedeed be mechanically important to the function of tharSC
length—force curves (Cutts, 1986). An earlier investigation o¥ivo.
fast and slow muscle in the chicken, in which sarcomere lengths If there is a functional explanation for the presence of a stiffer
and contractile properties were correlated (Page, 1969), form&C in starlings than in pigeons, it is elusive. It is, of course,
the basis for Cutts’ calculations. This conclusion must be treateattractive to think that additional passive stiffness may relate to
with caution, however, because of the difficulty of consistentlycontractile frequency and contribute to the execution and/or
predicting a whole muscle’s length—force curve on the basis @nergetics of the higher-frequency oscillations of the wing
the curve for isolated fibers or sarcomeres (for a review, seharacteristic of starlings. Passive length—force curves that show
Kardel, 1990; Ettema and Huijing, 1994; Ettema, 1996) and istiffer muscle characteristics have also been reported for the Mm.
the light of recent revelations concerning the apparent in-seriésceps brachii, pectoralis and supracoracoideus of the monitor
organization of many avian muscles (Gaunt and Gans, 199ard Varanus exanthematic ¥ oung et al. 1990), as well as
Trotteret al. 1992). for rat papillary muscle (Laylangt al. 1995). A commonality in
Multiple structural, functional and phylogenetic factors musffunction of these muscles is not immediately apparent and
interact to determine where on the length—force curve a specifimderscores the need for additional comparative data.
muscle works. Data that relate to muscle injury in humans have
also been advanced to explain why a muscle’s design enables Whole-muscle performance in flight
it to work on the ascending limb but not the plateau and The maximal isometric forces recorded in this study are used
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for comparative purposes and are considered to reflect tlaad level flight. The profile of the strain/force trace remained
potential forces, not necessarily the real forces, used hbelatively consistent for all these flight modes, and some
naturally behaving birds in flight. The length—forcevariation in the level (magnitude) of strain at the
relationship is considered to be the consequence of bottownstroke—upstroke transition was noted. Although a
‘physical’ and ‘activation’ factors which are influenced by correlation between residual strain and flight mode was not
instantaneous as well as by changing muscle length (Edmandemonstrated, it might be expected that during the wing
al. 1976; Gordonet al. 1966a,b; Jewell and Wilkie, 1958; movements of flight, particularly those necessary for the
Joyce and Rack, 1969; Joyektal. 1969; Katz, 1939). As the control of non-level flight (rolling, pitching, yawing), the
muscle shortens (upstroke), force production at any giveextent of antagonistic force overlap would vary with neural
length is less than it would be during isometric contractionmodulation. A generic strain/force curve for the pectoralis in
owing to force—velocity properties, but during an eccentricstarlings and pigeons during flight (after Bieweetal. 1991;
contraction (late downstroke) the force sustained by the musclzial and Biewener, 1993), coupled with a hypothetical curve
may increase substantially above isometric values (Alexandéor the SC, reveals their potential vivo interaction (Fig. 9).
and Bennet-Clark, 1977; Cavageiaal. 1968). The hypothetical force curve for the SC is estimated from
Information about the state of the SC’s force coupled wittits contractile and architectural properties. Within each species,
its instantaneous length throughout a wingbeat is important ithe SC and pectoralis possess similar twitch contraction times.
order to document fully the muscle’s behavioral dynamics anéor starlings il=10) and pigeonsN=10), we recorded mean
contribution to each upstroke. Am vivo profile of force and twitch contraction times for the SC of 45ms and 50ms,
length for the SC is not yet available for any bird speciesespectively, values that are similar to or the same as those
however, but some predictions can be made. Neural activatiosaported for their respective pectoralis muscles (starling,
of the SC, as reflected by electromyographic studies dboslow and Dial, 1990; pigeon, A. Sokoloff and G. E. Goslow,
starlings flying in a wind tunnel (Dia&t al. 1991) and pigeons Jr, unpublished observations). In addition, the two antagonists
in free flight (Dialet al. 1988), begins in late downstroke and possess a bipinnate fascicle architecture in each species.
ends prior to the upstroke—downstroke transition. Thesklowever, there are considerable differences in fascicle length
electrically active periods are not instantaneously coincident in
time with force production because of an electromechanical
delay (Goslow and Dial, 1990). Direct measurements of this Downstroke Upstroke
delay in the pectoralis of starlings and pigeons in flight, as ¢ T ¢
determined by simultaneous electromyography (EMG) and | |
bone strain measurements (Bieweeéeral. 1992; Dial and
Biewener, 1993), reveal the latency between electrical activity

[
[ [ [
and force initiation to be short (3-5ms and 6-7ms, ' ' '
respectively); the longest value reported was 8.0ms for ' ! !
pigeons at take-off. Once initiated, the force produced by the SC force
pectoralis on the humeral deltopectoral crest increases from (PfOPOSEd)\\/AW
late upstroke through the upstroke—downstroke transition and s
. . . Pec force
peaks 5 and 8ms (starling and pigeon, respectively) after

electrical activity ceases, lasting 1.4 times the duration of the SC EMG I
EMG burst. On the basis of these observations, it wa

Pec EMG

ncluded that residual force in th toralis m verl thig' 9. Proposed hypothetical co-contraction of two antagonists for
conclude at residual force € pectoralls may overlap o nceq wing control. Diagrammatic electromyograms (EMG) and

rising force of the SC at the downstroke—upstroke transition.., ;scie force profiles for the M. pectoralis (Pec) and M.

Opposing forces in the pectoralis and SC by their cogypracoracoideus (SC) during a single wingbeat. The downward-
contraction at the wing turnaround positions has intuitivépointing arrow () represents the onset of downstroke, the upward-
appeal; the inertial properties of a rapidly oscillating limb carpointing arrow () represents the onset of upstroke. Peak muscle force
best be controlled in this way. Co-contraction also provides thin the pectoralis occurs after EMG offset and declines variably during
possibility of subtle adjustments of the wing not possible byate downstroke. The extent to which pectoralis force continues into
two antagonists working independently. Our observations thihe subsequent early upstroke is predicted to vary with flight mode
humeral movements are dependent upon initial wing positioand/or extraneous perturbations. We predict that force in the relatively

and/or levels of SC and pectoralis co-activatioaitu attest to ‘stiff’ SC will rise rapidly during the period of co-contraction with
this and lead us to speculate how their co-contradtiorivo the pectoralis at the downstroke—upstroke transition. As the humerus

rotates and elevates during the ensuing middle-to-late upstroke, force
auQment,s the neural control of the §h0u|der. We,preser?tin the SC will fall rapidly. The potential for co-contraction at the
hypOthet'Cal case of SC "’_‘nd pe(.:torall§ co-contraction durlndownstroke—upstroke transition (shaded area) suggests that this is the
the wingbeat cycle as an illustration (Fig. 9). time during the wingbeat cycle at which neural modulation of the
Dial and Biewener (1993) presented ‘representative’ EMGuing stroke is most effective. Pectoralis EMG and force profile after
and bone strain/muscle force recordings for the pectoralis Bieweneret al. (1992) and Dial and Biewener (1993); SC EMG
pigeons during take-off, landing, near-vertical ascent/descepattern after Diaét al. (1988, 1991).
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and moment arm distance from the glenohumeral joint betweenewed from above (in dorsal view), the angle formed by the
the two muscles; the fascicles and moment arm of the SC deng axis of the humerus and the bird’s longitudinal axis when
relatively short. Taken collectively, these properties suggeshe wing is at the upstroke—downstroke transition position is
that the SC presents a relatively ‘stiff complex during the lataot 90 ° as might be expected, but is retracted to form an acute
downstroke/early upstroke period, which results in a rapidngle. Elevation of a humerus oriented at near 90° to the
increase in the muscle’s force (high stress) but little lengtparasagittal plane requires an elevator muscle(s) capable of
change (low strain). The effect on the humerus is an abruphortening a long excursion. When the humerus is retracted,
rapid force increase which overlaps to some extent thBowever, its rotation translates into an elevation of the wing’s
declining force of the pectoralis (Fig. 9). As the humerudeading edge. At the upstroke—downstroke transition in
rotates and elevates during the ensuing mid- and late upstroletarlings, for example, the angle of humeral retraction is at its
we estimate that active force in the SC falls precipitously (lownaximum of 55-60 ° and during early upstroke decreases to its
stress) as the muscle shortens rapidly (high strain). Wminimum of 25-30° (i.e. the humerus is progressively
anticipate that co-contraction of the two antagonists at the timmetracted) (Fig. 5). Simple elevation of a retracted humerus
of downstroke—upstroke transition (shaded area, Fig. 9) magsults in the wing’s ventral surface facing posterolaterally
be an opportune time for neuromuscular adjustments ofstead of the more functional lateral position, whereas a
shoulder kinematics to meet the demands of flight. Whethesimultaneous rotation and elevation of the humerus in early
this is true at the upstroke—downstroke transition is morepstroke orients the hand and forearm so that their extension
difficult to predict and awaits either direct measurements of thduring late upstroke orients the fully outstretched wing in the
force profile of the SGn vivo or information about the parasagittal plane; i.e. the wing’'s ventral surface faces

muscle’s force—velocity characteristics. laterally. Humeral rotation/retraction as described here is the
_ key to the execution of the high-amplitude, high-frequency
A case for humeral rotation wingbeats used by so many birds and may be important to

The bipinnate structure of the SC with its relatively short butong-winged forms as well. In a study of the shoulder of the
numerous fascicles, characteristic of all birds we examined, Sretaceous  pterodactyloid pterosaurSantanadactylus
an architecture suitable for the production of high force bubrasilensis with an estimated body mass of 3.9-7.3kg and
limited excursion. We measured maximal tetanic forces of thiotal wingspan of 4.7 m, Hazlehurst and Rayner (1992) propose
SC in both species of 7-10 times body weight; a significartiumeral rotation to be the key to wing elevation in this species.
force for a muscle conventionally considered to be nonStudy of the articular surfaces of the proximal humerus and
propulsive. The SC's moment arm for humeral rotation iglenoid revealed a limited ability for humeral
short; we estimate its maximum in the starling to be 2 mm andepression/elevation at that joint, but when humeral rotation at
in the pigeon 4 mm. Although the mechanical advantage of theven modest angles of retraction was estimated, a mechanism
SC is low, its high input force, particularly at the for wing elevation was determined. For example, 70° of
downstroke—upstroke transition, is favorable for the productiofongitudinal rotation of the humerus held at an angle to the
of high-velocity movements at the distal wing. Qarsitu  body axis of 75° (their 15 ° angle behind the transverse axis of
excursion and force measurements in the reduced and ndhe body), results in a wing tip elevation of 0°, whereas the
reduced preparations reveal the primary role of the SC isame rotation at a retraction angle of 65 ° elevates the wing tip
starlings and pigeons to be forceful, high-velocity long-axidy 11.4°.
rotation of the humerus and a secondary role of limited wing We believe that the failure of stimulation of the SC in the
elevation. Retraction of the humerus and flexion of the elbowon-reduced starling preparation to rotate the humerus fully
and wrist at early upstroke bring the wing’'s center of gravitynto the parasagittal plane was due to its simultaneous
closer to the body, which improves the SC’s mechanicgbrotraction effect on the humerus in the late-upstroke position.
advantage for both actions. These general kinematics wefd@is view is supported by the observation that slight retraction
reported for pigeons during ‘propulsive’ and ‘non-propulsive’applied externally to the distal humerus during stimulation
upstrokes associated with slow and fast flight (Brown, 195Iesulted in full rotation of the bone into the parasagittal plane.
and take-off (Simpson, 1983). Dietl al.(1991) reported more This emphasizes again that the SC does not act in isolation
precisely for starlings that during early upstroke the elbovduring flight, but that co-contractions of other muscles also
flexes by 75° and the wrist flexes by 100° in 40 ms, rates thg@lay a role in determining this muscle’s precise action. For
exceed any reported values for limb movements in vertebratesxample, to achieve the kinematic position demonstrated by
The humerus at this same time is retracted by 20° in 15ms,séarlings at the end of upstroke (Fig. 3C), a co-contraction of
movement that also improves the SC's ability to rotate théhe M. scapulotriceps along with the SC may be required. Dial
humerus about its longitudinal axis. It should be noted thadt al.(1991) reported that the M. scapulotriceps, a muscle that
marked supination (circumflexion) of the hand alsotakes its anatomical origin from the scapula, was electrically
characterizes early upstroke. active from mid-upstroke to early downstroke — an unusual

The translation of humeral rotation into wing tip elevationpattern in this muscle for tetrapods. By inferred force
is strongly dependent upon the orientation of the humerus faroduction, they proposed that the muscle may serve not only
the longitudinal axis of the body (Ostragh al. 1997). When to stabilize the elbow but also to retract the humerus in late
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upstroke. If the force were high enough to counter thé¢hat EMG activity does not necessarily correlate with useful
protractive force of the SC, such retraction might augment theaechanical force (Spectat al. 1980) and that its presence
ability of the SC to rotate the humerus fully. may reflect outflow modulation of a central neural control
The outstretched wing position in the parasagittal plane gtrogram (Cohet al. 1988). Alternatively, as we believe, the
the beginning of the power stroke characteristic of starlings arattivity of the SC at high flight speeds in these short-winged
pigeons is the result not only of the action of the SC but alsspecies as well as several speeds in the long-winged species
of the structurally derived avian shoulder joint. The aviarreflects its contribution to humeral rotation.
glenoid, formed by the coracoid anteriorly and scapula Sy (1936) described humeral axial rotation as a mechanism
posteriorly, is a hemisellar (half-saddle) joint. The joint'sfor the execution of wing upstroke in pigeons and generalized
surface is concavoconvex in configuration, faces dorsolateralits importance for other relatively small birds possessing
and articulates with a bulbous humeral head. Jenkins (1998pwered flight. His experiments to illustrate this point, however,
used the starling as representative of a species capable awé not fully appreciated. Sy (1936) is most often cited in
powered flight and reviewed the evolution of this joint in adiscussions of the evolution of powered flight for his
comparative study, providing a new interpretation of itsobservations that pigeons with bilateral tenotomy of the SC are
functional morphology and evolutionary significance based onapable of flight, but cannot take off from the ground. Perhaps
a cineradiographic analysis of the wingbeat cycle. Théess appreciated was Sy’s (1936) identical procedure on at least
articulation of the humeral head on the dorsally facing surfacene adult cronCorvus coraxfor which he reported not only
of the glenoid, the labrum cavitatis glenoidalis, is the glenoichormal take-off but normal flight. In his discussion of the crow,
feature which allows for full abduction of the wing into the however, Sy alludes that the crow was limited in its flight
parasagittal plane late in the upstroke. duration (Sy, 1936, page 232). Sokoleff al. (1994), in a
Additional evidence to support our interpretation of a long-cinematographic and electromyographic analysis of adult
axis rotational role for the SC comes from its electrical activitystarlings, bilaterally denervateN=£4) or tenotomizedN=2) the
pattern during flapping flight in several species of birds witfSC and reported that all the birds but one could takéwiffyot
diverse wing morphologies. Aerodynamic models, based mostithout difficulty The importance of this observation, that the
recently on flow visualization techniques for the identificatiorflight capabilities of these deprived birds is not normal, for
of momentum flow from the wing, predict that active muscleplacing Sy’s (1936) original study into perspective cannot be
contractile force is required for wing elevation in many birdsoveremphasized. In our estimation, the extent of impairment
during slow, steady flight, particularly in those species witlincurred by the loss of the SC for different species is a function
short wings (Rayner, 1985). Flow visualization studies of twaf wing loading (body weight/wing area), of the mechanical
small passerines, the chaffinchFrifigilla coelebd and  organization of the SC or of some combination of these. We
brambling E. montifringilla) (Kokshaysky, 1979), and studies believe that the impaired take-off capability of birds deprived of
of jackdaws Corvus monedula(Spedding, 1986) and pigeons a functional SC relates to their inability to rotate the humerus
(Speddinget al. 1984) during slow flight reveal a pattern of rapidly on its long axis.
wake vortices which form a series of closed vortex rings
behind each wing during each wingbeat cycle (the ‘vortex ring Evolution of the derived M. supracoracoideus
gait’; Rayner, 1988). Whether birds with short wings continue The early fossil record of birds since the Jurassic
to use a vortex ring gait at their fast flight speeds remains demonstrates a number of advanced characteristics that signal
be determined. Consistent with a requirement for muscle foran evolutionary progression towards powered flight. For
during wing elevation in short-winged forms, EMG activity of example, the glenoid oArchaeopteryxand Sinornis faces
the SC at several flight speeds for pigeons (Bial. 1988), laterally (Jenkins, 1993; Martin, 1983; Ostrom, 18B6
starlings (Diakt al.1991) and budgerigars (Tobalske and Dial,Sereno and Rao, 1992), which limited extensive abduction of
1994) has been reported. In contrast to these short-wingélgde wing into the parasagittal plane. The triosseal canal, formed
species, however, Spedding (1987) illustrated that the kestrehriously by the dorsal extremities of the furcula and coracoid
(Falco tinnunculuy a species with a relatively long wing with and the anterior extremity (acromium) of the scapula, provides
a high aspect ratio, sheds a continuous vortex from each wirggpassage for the tendon of the SC to its insertion point on the
when flying at relatively fast cruising speeds (the ‘continuouslorsal aspect of the humerus and represents an advanced
vortex gait’; Rayner, 1988). The continuous vortex pattern, afeature. In his extensive monograph on the anatomy of a
opposed to the vortex ring pattern, reveals the upstroke to léversity of birds capable of powered flight (and several
aerodynamically active when weight is supported but thrust ilightless species), Firbinger (1888) illustrated the triosseal
negative. During such a continuous vortex gait, it is predictedanal of over 50 species. In the seven preserved specimens of
that muscle force during upstroke is not required sincéhe Jurassic birdrchaeopteryxhowever, there is no evidence
aerodynamic lift should be sufficient (Rayner, 1985). In arof a triosseal canal or of a derived SC with a dorsally inserting
electromyographic/cinematographic study of the Americatendon (Ostrom, 19%b; Wellnhofer, 1988, 1993). In the
kestral Falco sparveriusflying in a wind tunnel at a range of recently described series of enantiornithine and non-
forward speeds, however, Meyers (1993) recorded EM@nantiornithine Mesozoic birds (i.Eoalulavis Neuquenoris
activity from the SC at all flapping speeds. It is acknowledge€athyornis Concornis Iberomesornisand Ambiortig, the
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presence of an elongated coracoid, furcula and scapuland (i.e. the end opposite the asymmetrical facet) is fused into
acromion suggests that a derived SC may have been prese¢hg proximal end of the carpometacarpus. As a result, the
although a triosseal canal has not been identifeethcto(for ~ asymmetrical ginglymus-like facet is now identified in modern
areview, see Chiappe, 1995; Feduccia, 1995; 8zalz1996).  birds as the trochlea carpalis of the proximal carpometacarpus.
In a thoughtful discourse on the flight capabilities ofThe trochlea carpalis is an asymmetrical surface which
Archaeopteryx Ruben (1991) set out convincing argumentsarticulates proximately with an irregularly shaped wrist bone,
that, without the benefit of a highly derived SC for wingthe cuneiform, in such a way that, upon wrist flexion, automatic
upstroke, an ectotherm could still produce enough power frosupination of the hand ensues (Vazquez, 1992).
its deltoid muscles to accomplish brief periods of powered It may be that supination in modern birds, so important to
flight. This may be true, but in extant birds the morphology othe execution of upstroke, followed a two-step process.
the deltoids does not appear to facilitate rapid or extensiviaitially, some degree of supination occurred during wrist
long-axis rotation of the humerus. The lack of theflexion as a result of the asymmetrical configuration of the
triosseum/SC level of organization in the Jurassic andemilunate carpal. With the subsequent evolution of a derived
Mesozoic birds described thus far precludes a high-velocit$C capable of imparting a large torque to the humerus,
recovery stroke like that present in modern birds which, in turrsupination of the manus was augmented by the high-velocity
would have limited their abilities for powered flight. rotation of the wing/hand, characteristic of modern birds
The humeral protraction about the glenohumeral joint thatapable of powered, flapping flight.
we observed in starlings during stimulation of the SC may also
reflect an important functional advancement. This action may The ideas expressed in this manuscript were greatly clarified
be useful at late upstroke or late downstroke. In many grougsy discussions with various colleagues, particularly L. Chiappe
of birds capable of powered flight, when the humerus isind J. Ostrom, to whom we extend our sincere appreciation.
adducted, the triosseal canal is positioned well forward of th®ur thanks to C. Kovacs for his comments on a draft of the
external tuberosity. As noted for the starling, the movemennanuscript. For technical assistance and cheerful support
produced after the humerus has rotated and moved into tdering those late nights, we heartily acknowledge A. Valore-
parasagittal plane can be considered to be protraction (drawifiaplan, K. Jackson and M. Morimoto. We thank L. L. Meszoly
the humeral axis away from the longitudinal axis of the bodyand K. Brown-Wing for rendering the illustrations (Figs 1 and
and elevation (in lateral view). 2, and Figs 4 and 5, respectively). Supported by NSF grant
Protraction of the wing during downstroke, particularly IBN 9220097.
during slow flight, is a distinct kinematic event of powered
flight in pigeons and starlings (Brown, 1951; Simpson, 1983;
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