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Flapping ight is the most power-demanding mode of locomoton, associated
with a suite of anatomical specializations in extant adult itds. In contrast, many
developing birds use their forelimbs to negotiate environents long before acquiring
“ight adaptations,” recruiting their developing wings to continuously enhance leg
performance and, in some cases, y. How does anatomical dev®pment in uence
these locomotor behaviors? Isolating morphological contibutions to wing performance
is extremely challenging using purely empirical approaclse However, musculoskeletal
modeling and simulation techniques can incorporate empial data to explicitly examine
the functional consequences of changing morphology by mapiulating anatomical
parameters individually and estimating their effects on émmotion. To assess how
ontogenetic changes in anatomy affect locomotor capacity,we combined existing
empirical data on muscle morphology, skeletal kinematicsand aerodynamic force
production with advanced biomechanical modeling and simaition techniques to analyze
the ontogeny of pectoral limb function in a precocial groundbird (Alectoris chukal).
Simulations of wing-assisted incline running (WAIR) usinthese newly developed
musculoskeletal models collectively suggest that immater birds have excess muscle
capacity and are limited more by feather morphology, possily because feathers grow
more quickly and have a different style of growth than bonesrad muscles. These results
provide critical information about the ontogeny and evolibn of avian locomotion by (i)
establishing how muscular and aerodynamic forces interfawith the skeletal system to
generate movement in morphing juvenile birds, and (ii) priing a benchmark to inform
biomechanical modeling and simulation of other locomotor ehaviors, both across extant
species and among extinct theropod dinosaurs.

Keywords: bird, avian, locomotion, ontogeny, development, mu
running, ight

sculoskeletal modeling, wing-assisted incline
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INTRODUCTION anatomical hallmarks of advanced ight capacitigl et al.,
2006; Heers and Dial, 20L.2These juveniles recruit their
Darwin described “survival of the ttest,” il|UStrating how deve|0ping Wings to enhance |eg performance and eventua"y
organisms with certain forms might better perform certain y For example, edglings ap their rudimentary wings to (i)
functions and have greater tness, such that form and fuoieti increase foot traction and ascend steep inclines [winistess
are closely linked [arwin, 1859. Geneticists are exploring incline running, i.e., WAIR Dial, 2003], (i) control aerial
“arrival of the ttest”: how novel phenotypes are added to thedescents[jial et al., 2008; Evangelista et al., 201i#i) swim
pool of individuals that encounter selective forcéslpert and  (Thomas, 199For “steam” across watebal and Carrier, 201
Epel, 200p What happens in between these two modes ofnd/or (iv) increase jump heightHeers and Dial, 2095 In
tness? We can identify genetic events involved in producingsome species, such as the Chukar Partridiedtoris chukdr
some spectacular adaptations in adults—Darwin's “organs @frecocial edglings can even vy, and display adult kinematics
extreme perfection,” and we have examined how adults thahonths before acquiring mature wings and musculoskeletal
possess such features survive and reproduce. Yetthe int@teed apparatuses (18—-20 vs. 60—100 days)Heers and Dial, 2095
stages that bridge embryonic genotypes and adult phenotypgus, on both ontogenetic and evolutionary time scalesrethe
(i.e., post-hatching/postnatal ontogeny), or extinct andaex s a gradient of ight capacity and the degree of anatomical
bauplans(i.e., evolution), are often an enigma in functional specialization necessary for adult-like, “avian” locorotis not
morphology. What is the advantage of half of a wing orglear.
only part of an eye? These types of questions have long Much of this uncertainty stems from the diculty in
fascinated evolutionary biologist$/{vart, 187}, and are also experimentally determining how speci ¢ morphological feasr
very relevant—though less studied—in developing organismgntribute to locomotion. Across species, extant adult ®intay
(Heers and Dial, 2092 This “dilemma of incipient stages” not o er enough variation in anatomy and aerial performance
(Gould, 198} is particularly striking among birds and their to clearly reveal form-function relationships, because most
theropod dinosaur ancestors. volant adults share a similar array of anatomical speciatinat
Flapping ight is the most power-demanding mode of Morphology varies much more through ontogeny but wings,
locomotion (Alexander, 200 and its origin among theropod muscles, and skeletons develop simultaneously and can only
dinosaurs marks one of the great anatomical transformationpe altered to certain extents (e.g., timming feathers, ateus
in vertebrate history. Whereas early-diverging theropodsl h denervation). Consequently, using empirical approaches to
no wings and more generalized musculoskeletal anatomigs (e.isolate morphological contributions to ight capacity and to
Coelophysjsextant adult birds have large wings, hypertrophiedextrapolate these form-function relationships to extinctraals
pectoral muscles, and robust, channelized skeletons thafextremely challenging.
presumably represent adaptations or exaptations for meeting |n contrast, modeling and simulation approaches can
aerial requirementsill, 1994; Evans and Heiser, 200Between  augment empirical studies by isolating and elucidating form
these two extremes lies a succession of animals char@ctényz  function relationships in ways that are not possible working
increasingly bird-like traits, including “protowings” ofavious  with live subjects. These approaches build on empirical work
sizes and *“transitional” musculoskeletal morphologiesy.[e. by using computed tomographic (CT) scans and dissections
CaudipteryxQiang et al., 1993Anchiornis(Hu et al., 2009; Xu to construct digital musculoskeletal models that are paired
etal., 200). This ightless to ight-capable progression is well with kinematic, kinetic, and physiological data to simulate
known but di cult to interpret, because functional attribats of locomotion. Once the Va||d|ty of the framework is assessed
transitional features are challenging to reconstruct. (e.g., by comparing nal computer simulation outputs with
Though less renowned, an equally dramatic ightless to tigh in vivo data), models and simulations can identify how changes
Capab'e transformation occurs in extant developing birdS.lNlOﬁn each input (e_g_' anatomy' kinematics) independenﬂy aect
birds hatch without any semblance of a wing, and the rstfunction (e.g., locomotor performance). For instaneg)lzbaur
wing feathers acquired result in small protowings that assle et al. (2005constructed a musculoskeletal model of the human
aerodynamically e ective than the wings of adulSigl et al.,  forelimb and simulated muscular force development for muscle
2006, 2012; Heers et al., 2p1Compared to adults, immature tendon con gurations representing pre- and post-surgery
birds also have small wing musclesers and Dial, 20)5and  conditions to predict the e ects of tendon transfer surgery,
less channelized skeletons with smaller bony processesfsgle  with good success. Similarlyy)'Neill et al. (2013)adjusted
attachment fleers and Dial, 2012; Heers et al., 2DTBhese muscle origins in a chimpanzeB4n troglodytdsnodel to assess
extensive morphological changes rival and in many ways mirrorelationships between muscle attachment sites and moment
those that occurred during the evolution of ight in extinct arms. More sophisticated predictive simulation studies have
dinosaurs ieers and Dial, 20)2How do such changesin uence also been conducted, such as estimating hoWyennosaurus
wing-based locomotion? rex might have moved using forward dynamicSe{lers et al.,
Growing evidence demonstrates that precocial—ang¢017. A theoretical modeling and simulation framework to
sometimes  altricial—birds use their wings to negotiatgnvestigate avian wing biomechanics can likewise be ésteiol
environments early in ontogeny, long before acquiring thepy constructing musculoskeletal models and simulating
locomotion using di erent anatomical and/or biomechanical
Abbreviations: WAIR, wing-assisted incline running. inputs (Figure 1).
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FIGURE 1 | Modeling overview. Colors indicate different types of datased as simulation inputs or outputs; techniques used to cdéct or simulate each type of data
are italicized. SIMM, Software for Interactive Musculosket@ Modeling; XROMM, X-ray Reconstruction of Moving MorpHogy. The drawing of a propeller apparatus is
modi ed from Crandell and Tobalske (2011)

To better understand the independent contributions ofto wing-based aerial locomotion by recruiting their wings
di erent morphological specializations to avian locomotor and legs cooperatively. Similar behaviors may have played an
performance, here we combined existing data on musclamportant role during the evolution of avian ight, because
morphology, skeletal kinematics, and aerodynamic forcémmature birds and pennaraptoran theropods have many
production to construct musculoskeletal models of an aviarfeatures in common and are (or were) both in the process of
wing at di erent ontogenetic stages. Simulations of WAIR wereacquiring “ ight adaptations” and ight capacity Heers and
then used to analyze pectoral limb function in models of “baby'Dial, 2013.

(7-8 days post-hatch), “juvenile” (18-20 days post-hatch), We used our musculoskeletal models and simulations to
and adult &100 days post-hatch) Chukar Partridges. Thesexamine how anatomical specialization in uences the meatgni
precocial ground birds are a model species for locomotoof ap-running on 65 inclines by testing the following
ontogeny. Although adult chukars use their wings for a vigred ~ hypotheses concerning relationships between wing capacity an
locomotor behaviors, WAIR is one of the few apping behaviorsskeletal, muscle, and feather morphology:

used at all stages of ontogeny and represents a challengihg an Hp: musculoskeletal and feather morphology equally limit
particularly important behavior for developing birds in many locomotor capacity (the ability to perform a specic behlavio
specieslial et al., 201} Behaviors like WAIR allow incipiently i.e., WAIR) in developing chukar. this null hypothesis is
volant juveniles to reach otherwise inaccessible elevafedes, not rejected, then the pectoralis (main downstroke muscle) and
and seamlessly transition from leg-based terrestrialfoation  supracoracoideus (main upstroke muscle) should be maximally,
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or close to maximally, activated during simulations of WAIR.model; mass 34.6 g), one 18-20 day old bird (“juvenile” model;
High activations are expected because immature chukarsdvoumass 84.8 g), and one adult female (“adult” model; mass 500 g)
be recruiting their muscles to maximal levels to ap their (adult females slightly smaller than adult males, but otfise
wings as fast as possible, to produce as much aerodynansnilar; individuals in “baby” and “juvenile” age classes not
force as possible. This prediction assumes that (i) WAIR isglistinguishable by size or sex). Mesh models of individualdso
a challenging behavior for developing chukars, and that (iiwvere segmented from CT scans using Amira 4.0 (Thermo Fisher
bigger or better muscles would not allow developing chukarScienti c; https://www.fei.com/) or Osirix 4.0 32-bitRpsset
to ap more quickly and produce more aerodynamic forceetal., 200% and imported into Maya to create a skeletal “puppet”
(i.e., muscles are not more limiting than feathers). Prasio (Gatesy et al., 20} With a hierarchy of joint coordinate systems
work demonstrates that WAIR is indeed a di cult behavior for (Grood and Suntay, 19%.3Joint coordinate systems for the pelvis
immature chukars [65—-70D maximum angle of ascent in 6— (whole body motion) and sternal, coracosternal, shouldenw|
8 day chukars[Qial, 2003; Heers et al., 20J.6Assumption (ii) and wrist joints were de ned using inertial axes and anatcathic
is justi ed because even though 6—8 day old chukars use hight&andmarks, as irBaier et al. (2013)with 3 translational and
wingbeat frequencies during controlled aerial descemskson 3 rotational degrees of freedom per joirtti€ers et al., 2036
etal., 200y they do not appear to increase wingbeat frequency tdlovement at any given joint (e.g., shoulder joint) causediorot
increase aerodynamic force output and ascend steeper iscline of the distal bone de ning the joint (e.g., humerus) as well as
Hi: feather morphology limits locomotor capacity morenotion of all downstream elements (elbow joint, ulna, ragiu
than muscle morphology in developing chukhbrsthis case, wrist joint, manus). For full details, seBdier et al., 2013; Heers
relatively low activations of the pectoralis and supracoidees et al., 201
during simulations of WAIR would suggest that feathers, and In addition to constructing the joint hierarchy, we used
potentially other factors such as skeletal anatomy or n@gichl CT scans (one bird per age class) to quantify distribution of
development, limit performance more than muscle morphologymass and account for inertial e ects. We imported image slices
Feather limitation would be supported if the pectoralisfrom each scan into Mimics software (Materialise, Inc.; Leyven
and supracoracoideus are less-than-maximally activatechwhdelgium), used density thresholds to isolate the animahfits
aerodynamic force requirements are increased to adultldevesurroundings and to visualize the muscles and skeleton, then
during simulations of WAIR. Skeletal limitations could be digitally segmented the animal into hind limb, sternum (irk),
checked by adjusting muscle attachment sites to re ect theoracoid, brachial, antebrachial, and manual segmen&hées
development of bony processes and by simulating di erentemoved;Figure SJ. Using a custom script in MatlabA(len
degrees of skeletal channelization (e.g., limits to joamtges of et al., 201Band assuming a segment density of 1,060 kg®m
motion), whereas EMG recordings on live birds are required tave then calculated the mass, center of mass, and inertiabten
assess neurological development (selealske et al., 20).7 for each segment, based on its volume. Finally, we scaléd eac
In conjunction with previous work, testing these hypothesesegment mass so that the sum of all segment masses matched
oers insight into ontogenetic and potentially evolutionary the total body mass of the specimens used to develop the models
construction of the avian body plan, by establishing how nlessc  (baby segments scaled by 1.31 total mass 34.6g; juvenile
skeletal tissues, and feathers interact with each otherthed segments scaled by 1.03 total mass 84.8¢g; adult segments
environment to accomplish locomotor tasks during ightless scaled by 1.11 total mass 500 g). Scaled mass, center of mass,

ight-capable transitions. and inertial tensor for each segment were included as model
parameters.

MATERIALS AND METHODS Musc'e Architecture

Model Development Following step (i), we added representations of muscle-tando

We built three detailed musculoskeletal models of the chukayNits t the skeletal models using SIMM software. A total of
forelimb using CT scans, Maya (Autodesk: http://autodesk?)O muscles were modeled, representing all of the major muscles

com/), SIMM (Musculographics, Inc, CA: http:/www. acting around the shoulder, elb'ow, and wrist jointg. Ind'm'ﬂi
musculographics.com/), and custom scripts in Matlab sofavarMuScle-tendon actuator dynamics were de ned using Hill-type
(Mathworks; https://www.mathworks.com/). Model building mod_e_ls_ZaJac, 198"9; Millard et al., 201L3For the "Millard
consisted of three basic steps: (i) using CT scan data to icanst Equilibrium Muscle. employed here, the force developed by a
digital skeletal models comprised of rigid segments (boneég"us_de an.d transmitted through tendon to bonk) erends
articulated by joints, (i) adding muscles based on digeest ©" (1) the size and ber architecture of the muscle, which dtess
and skeletal landmarks, and (iii) determining segment masdlS Maximum isometric forcef{"), (ii) the level of activation,
center of mass, and inertial properties. This general work oW @nging from 0 to 1 &), (iii) the active force-length curve,
followed prior studies (e.gHutchinson et al., 2005; Charles normalized by optimal ber length ft @' ), (iv) the force-
etal., 2016; Otero et al., 2Q®but is explained in full here. velocity curve, normalized by maximum contractile velocity

(Y ), (v) the passive force-length curd®E @' ), and (vi)

Skeletal Models and Segment Properties i
gthe pennation angle ():

We used previously constructed skeletal models, as desdribe
Baier et al. (2013and Heers et al. (2016)n brief, we CT or
microCT scanned the carcasses of one 7-8 day old bird (“baby” ™ D M aft @ vV @ Ct™E @ cos. / (1)
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Calculations of maximum isometric force (i) are based orthe position of the marker was de ned in the same coordinate
dissections and detailed below. With respect to (ii)—(\ig Hill  space. We transferred these origin or insertion coordinates
model used here: the musculoskeletal model in SIMM to create each muscle (3D

. . visualization is easier with Maya, hence the Maya to SIMM
Models muscle ber performance using an active force-Work ow), then added wrapping surfaces and/or via poi
length curve (iii), force-velocity curve (iv), and passivecé- ' pRINg poirits(p

o . . - and Loan, 2000; Delp et al., 2)®étween them, where necessary,
length curve (htps:/simtk.org/api_docs/opensim/api_docs to prevent muscles from passing through bone and to maintain
classOpenSim_1_1Millard2012EquilibriumMuscle.html)

Models tendon elasticity using a force-length curve coirsjst .Injaubslggf aths that matched those of the dissected Ifirgife 2
of a non-linear toe region and a linear region with a slope set ) . TR . .
Because we did not detect variation in origin and insertion

such that tendon strain is 4.9% of tendon slack length at the - S
. . : positions or muscle pathways across age classes or individuals
maximum isometric ber force

. . we gave all models identical origins, insertions, and patlswa
Assumes a constant muscle volume and variés maintain 9 9 patisway

constant muscle height (no muscle bulging) thus eliminating the possibility of having simulation output
9 ging in uenced by di erences in the modeled positions of origins and

Parameters for (iii)—(v) were determined by tting experimtal  insertions. To do this, we transferred origins and insersoof
data (see Figure 3 imMillard et al.,, 201R The total force the adult model to the baby and juvenile models, in Maya, by
developed by muscle bers is assumed to scale up from th@) scaling each bone in the adult model (with associateding
force produced by a single ber, which in turn is assumed toand insertions) to the size of each bone in the baby or jueenil
depend only on two time dependent states: ber activation andnodel, (i) aligning bony landmarks, and (jii) insuring thabhes
ber length. To avoid numerical singularities during sination =~ made contact at joints. We scaled the length and width of each
and reduce simulation time, minimum activation is assumed t adult bone by calculating scaling factors (baby- or juvend-
be 0.01, maximum pennation angle is restricteck( 84.26), adult ratios) based on measurements of bone lengths anchw/idt
andft @ s> 0 (Millard et al., 201} Finally, a time delay in fresh adult, juvenile, and baby skeletons, to account lfer t
presence of cartilage that could not be detected by CT scans and
thus not visualized in our skeletal models. Origin and insert
positions were consistent with previously published data dweot
galliforms (Hudson and Lanzillotti, 1964

Although many ight muscles have broad origins and/or
. . o insertions, for this analysis we modeled all muscles with glsin
muscle properties (e.g., activation-deactivation dynamiosr . . . S .

point origin and single point insertion. To assess the e ects of

force-velocity relationships) are not used in static sintiola - . -
. . N ._modeling large muscles as a single muscle with a path through the
approaches such as OpenSim's static optimization routine .
- : : " . . . Center of the volume of the muscle vs. multiple smaller muscles
(section Simulations). In addition, as detailed in the &mtt

. . . o . with di erent origins and paths, we compared simulations of
Muscle Physiology, OpenSim's static optimization routlne\NAIR where the pectoralis muscle was modeled as a single

assumes a rigid tendon and results in arti cially stretched o . - .
S . muscle with simulations where the pectoralis was modeled as
shortened muscle bers for behaviors involving large rangé .
three smaller muscles, in the adult model.

motion, such as apping. We therefore opted to not incorporate
force-length relationships in our simulations. Consequnin 8

between excitation (e.g., ring of a neuron) and muscle érc
development is included, modeled as a rst-order di erential
equation with activation and deactivation time constanfslo
and 40 ms, respectiveli/(llard et al., 201}

Though included in our Hill model implementation, dynamic

ptimal ber length and average pennation angle

ne additional adult bird was dissected to measure ber
lengths and pennation angles (measuring lengths and angles
required removing and photographing individual muscles,
which prevented accurate measurement or calculation ofrothe
parameters). Fiber length and orientation (pennation angie)
important determinants of muscle strain (changes in length)
and stress (force per unit physiological cross-sectional)area
Origins and insertions To determine the optimal ber length [taken as the fascicle
We dissected 3 (baby, juvenile) or 4 (adult; two males antength of the muscle at resZéjac, 198pand assuming ber
two females) birds per age class to obtain muscle pathwalength to be equivalent to fascicle length] and average p@ma
and physiological cross-sectional areas. All procedures weangle of each muscle, we rst cut and gently removed each
approved by the Institutional Animal Care and Use Committeemuscle at its origin and insertion. We then photographed the
(IACUC) at the University of Montana (specimens frokeers muscle from a perpendicular distance 060 cm with a ruler

and Dial, 201% or the Ethics and Welfare Committee at the for scale, and used ImageJ (NIH; https://imagej.nih.govtiy
Royal Veterinary College (URN 2013 1228). To de ne muscleneasure the pennation angles and lengths of 1-6 muscle bers,
pathways, we isolated each muscle during dissection, angdadddepending on the amount of ber variation. For parallel- bete
markers to the skeletal model in Maya at the position of eaclmuscles, we generally took one measurement, in the middheeof t
origin and insertion. Each marker was then associated with t muscle; for pennate muscles, we took up to three evenly spaced
proximal joint of the bone to which it was attached, so thatmeasurements on either side of the central tendon. Averages

our simulations, muscle force development is solely dictate
by the size and ber architecture of the muscle (i), and
the level of activation. Muscle pathway&able S} and ber
architecture Table S2 were determined through dissection or
measurements based on dissection (digital scale8.0001 g;
ImageJ 0.1 mm;ImageJ 0.1), as detailed below.
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7

Main action at:

A  Anteromedial view B Lateral view

FIGURE 2 | Muscles. Origins, paths, and insertions of the 30 forelimb mscles modeled. Muscles acting mainly at the shoulder are mabered in blue; muscles acting
mainly at the elbow are numbered in green; muscles acting maly at the wrist are numbered in purple(A) adult model in anteromedial view(B) adult model in left
lateral view,(C) adult model in dorsal view.

calculated for muscles with multiple measurements. Pepnati baby or juvenile ber lengthD

angles were qualitatively consistent with previously pulelish MTU length, baby or juvenile model

illuitrations oquorelimb myuscles in galliformpbirdﬁgdgoﬂ and (adult berlength, modeled) MTU length, adult model

Lanzillotti, 1963. 3)
Given that the adult bird on which we measured ber lengths

and pennation angles (“measured” in Equation 2) was slightly

more muscular than the adult birds we used to construct thevhere MTU length is the muscle-tendon unit length (calculated

musculoskeletal model (‘modeled” in Equation 2; total fone  in SIMM) for the muscle of the ber in question, averaged over

muscle mass of measured bird was 1.18 times greater thamge/erone wingbeat cycle of WAIR (average kinematics during 60—

of modeled birds), we assumed that length is proportional t&5 WAIR for baby and juvenile, 70—-80WAIR for adult, to

mas$™ and scaled the modeled ber lengths td5% of their ~ standardize for level of e ort—se¢eers et al., 2036

measured value, based on the following equation:

Maximum (isometric) muscle force
Following previous studies Hutchinson et al., 2015and
ber length, modeledD references therein), we assumed that for each muscle, maximu
total forelimb muscle mass, modeled™  isometric force Emax, N) is proportional to the physiological

(ber length, measured) cross-sectional area of the musolgys m?):

total forelimb muscle mass, measured

2
14 1
where total muscle mass is the sum of the masses of the major Aphys D MmuscCOS( )Lfo d )
forelimb muscle-tendon units (pectoralis, supracoracogjeu Fnax D (3.0 1°Nm 2)(Aphys) (5)

coracobrachialis posterior, latissimus dorsi, scapulohatigr
caudalis, deltoideus major, tensor propatagialis breviseg® wheremmyscis the mass of the muscle in question [kg; average
brachii, triceps brachii, all antebrachial muscles). mass for 3 (baby, juvenile) or 4 (adult; 2 male and 2 femal@)sbir
For baby and juvenile birds, we were unable to clearlydata from Heers and Dial, 20%5supplemented by additional
see individual fascicles, either with the naked eye or uraler dissection for previously unmeasured muscles) the average
dissecting microscope. We therefore assumed that across gggnnation angle (radians)y, is the optimal ber length (m)d
classes, pennation angles would be constant, and ber Iengths muscle density (1,060 kg M Mendez and Keys, 1960: Brown
would be proportional to muscle lengths: et al., 2003; Hutchinson et al., 201and 3.0 1P Nm 2is
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isometric stress under maximal muscle activatibfe(ler, 2002; in SIMM), and assumed that the normalized ber lengths
Nelson et al., 2004 associated with these minimum and maximum muscle-tendon
To check the validity of these calculations, we comparednit lengths were 0.5 and 1.5, respectivélya(al and Buchanan,
Fmax Of the pectoralis (main downstroke muscle) with force2009.
production measured in pigeons. Very few data are available .
on force production by avian ight muscles, partially becauseEXPerimental Data
there is no direct way to measure force production by thes&keletal Kinematics
muscles (seBiewener, 2011 Previous studies using calibrated Flapping kinematics for WAIR in each age class were taken
strain gauges to estimate force production by the pectoralis iffom Heers et al. (2016and Baier et al. (2013{Videos St
ying pigeons have reported forces ranging from 18 to 26 NS3. These studies quanti ed translations and rotations fbet
(Dial and Biewener, 1993body mass 301-314g, pectoralis‘Pelvis” (whole body motion), sternum, coracosternal, and all
mass 28.0-33.9¢g) 120N Goman et al., 200%ody mass Mmajor forelimb joints (shoulder, elbow, wrist), averagaeothe
522-593 g, pectoralis mass 46.6-55.8g). In the smaller gigeoflownstroke and upstroke of two (adults; two trials per bird)
pectoralis forces obtained during ight were well below theor three (baby, juvenile; one trial per bird) birds. As fiteers
isometric force estimated by supramaximally stimulating theet al. (2016)we chose to use averaged kinematics rather than the
muscle in anesthetized birds (18-26N vs. 67 N). Assuminljinematics of one individual for one trial, due to the di cty
a similar relationship, maximal isometric force in the large Of using XROMM to measure skeletal kinematics in juvenile
pigeons should have beer260-480 N. We calculated a maximal birds.
isometric force of 231 N for the pectoralis muscle of our adult
chukar (body mass 500 g, pectoralis mass 39.5g). This valu
intermediate between the pigeons' isometric forces, as avou
be expected given that the mass of the chukar pectoralis
intermediate between that of the two groups of pigeons. Als : . .
consistent with our work,Yang et al., 20)=<alculated a maximal along the wing (steps summanzedmrgure 3. . .
isometric muscle force of 335N for the pectoralis of a Golden (1) To measure tota_l aeroc_iynamlc force production during
PheasantChrysolophus pictysvhich is slightly smaller than our WAlR’, we dried wings in a mid-downstroke pOStL.”e and spun
chukar (average body mass 422 g, average pectoralis mags 28_t§em like a propeller, attached to a force plate via a motor, to

but has proportionally shorter muscle bers and thereforergéa measure both lift and d_rag [tWO. wings per age class; data _from
Aohys (Heers et al., 20)Iconsistent with PIV measurements on live

birds (Tobalske and Dial, 200] To scale the measured forces
Tendon slack length to the sizes of our model animals, we multiplied the weight of
Tendon slack lengthl{s) is de ned as the length beyond which €ach model animal (baby, juvenile, adult) by the aerodymami
the tendons associated with a muscle begin resisting htretdorce measured for its age class, expressed as a proportiodyf bo
and producing force. This parameter essentially determirmg h Weight.

much of the total force that a muscle-tendon unit produces is (2) To estimate how (scaled) aerodynamic force was
produced actively, by the muscle contracting, vs. passitgly, distributed along each wing segment (brachial, antebmdchi
the tendon(s) (series elastic component) being stretched. wnanual), we calculated the proportion of the resultant foioatt
used the algorithm provided blylanal and Buchanan (20049 would be produced by each wing segment:

calculate a tendon slack lendtl for each muscle. This algorithm 5 5 5 5
requires knowledge of the minimum and maximum muscle- Resultantfore® 0.5GS (+ )“C V™ /S (¢ N~C V1~ (9)
tendon unit lengths kme; length of musclelfn) C tendon(s)  vertical forceD (resultant force)sin(resultant force angle) (10)
(L)) across a range of joint motions, the _average pennation 1, ontal forced (resultant force) cos(resultant force anglelL 1)
angle of the muscle bers (), and the normalized ber lengths

(Ly Dinstantaneous berlengthif)/optimal berlength (L)  where the resultant force (N) is the total aerodynamic force

rodynamic Forces
ncorporating aerodynamic forces into the models requirea t
sic steps: (1) empirically measuring total force productéond
) estimating the distribution (magnitude and position) oftes

at the minimum and maximum values &fnt) (Figure S3: produced by the wing segment (brachial, antebrachial, or
L manus) at mid-downstrokep is air density (1.07kg n?
LioD L—! Lt D (LsQ(Lt,) (6) in Missoula, Montana; where experiments were don€k
fo is the coe cient of the resultant force based on force plate
Lm Lm measurements (amount of force produced per unit surface area
cos. /ID—D  ————1! LyDcos. /(Lg(L) (7
Lt (Lfq(Ls,) m (Lrlle) (7) and velocity, at a given air density; data frormeers et al.,
Lis/ Lmt LmDLm cos /(Ld(Ls,) (8) 2011 n D 2individuals per age classj,is the surface area of

the wing segment (%), measured in ImageJ from photographs
For the minimum and maximum values df,, we used the (photos fromHeers et al., 20);l+ is the angular velocity of
minimum and maximum lengths associated with maximal e ort the wing, based on high speed video of chukars performing
WAIR or ascending ight Dfull range of motion; kinematics WAIR (data from Heers et al., 20)1r is the “length” of the
from Baier et al., 2013; Heers et al., 20ddlues of ¢ calculated wing segment (distance between shoulder joint and center of
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(1) Measure aerodynamic force production with propeller model:

l Vertical force
< Torque
counter
balance

60— data from
Heers et al. 2011

50

cowling for (e 40 —

force plate :

30
cement block

Aerodynamic force: % body wt

8 10 20 49 100
Age: days post hatch

i

(2) Determine how aerodynamic force is distributed along
wing segments (brachial, antebrachial, manual):

distance to shoulder jte—————

POSITION: intersection between

1

|
- line centered at, and perpendicular to, midshaft T
of bone (brachial, antebrachial segments), or line
between wrist joint and tips of primary feathers
and perpendicular to leading edge of wing
(manual segment), AND

|

aerodynamic

force position
1

Brachial segment:
area defined by

M | t: i
- wing chord, at 1/4 of its length from leading b Z;ﬁ%’{,‘%’; tertiary feathers
edge of wing primary feathers
MAGNITUDE: proportional to wing segment area Antebrachial segment:
and wing segment velocity; velocity proportional to area defined by

secondary feathers
distance of wing segment from shoulder joint v

FIGURE 3 | Aerodynamic force calculations. Stepwise procedure showig how the magnitudes and positions of aerodynamic forces wee calculated for each model.
Data in the graph is fromHeers et al. (2011) the drawing of the propeller apparatus is modi ed fromCrandell and Tobalske (2011)Resulting model inputs are shown
in Table S3.

wing segment at mid-downstroke), andr is the translational with previous work using pressure sensors to determine force
velocity of the animal during WAIR (data frondackson et al., production along the wing of a ying pigeonUsherwood et al.,
2009. 2005. Modeled and measured forces were consistent. In the

Note that Equation (9) assumes angular (apping) andpigeon, aerodynamic force produced at the eighth primary
translational (running) velocities are perpendicular to onefeather (feather P8; approximately equivalent to manus sagme
another—this is a conservative estimation of total wingwas 2—-3 times greater than force produced by more proximal
velocity that can be applied to future models. Any resultingsecondary feathers (feathers S1, S7; approximately equivale
discrepancies between the total aerodynamic force caémilatto antebrachial segment). In our chukar model, aerodynamic
using (Equations 9-11) and the total aerodynamic forcdorce produced by the manual segment was 4.4 times greater
measured by the force plateléers et al., 20)dvere recti ed by  than force produced by the antebrachial segment. Compared to
scaling. the pigeon, chukars engaged in WAIR ap at higher angular

Following steps (1) and (2), we positioned the aerodynamiwelocities [higher wingbeat frequencies; 18.7 Bzckson et al.,
force associated with each wing segment in the proximodistal009 vs. 8.0 Hz in the pigeori{sherwood et al., 200Fand move
center of the segment (atin Equation 9), in the plane of the (i.e., run) at lower translational velocities [1.57 mlgJackson
wing (dorsal surface of humerus, ul@aradius, or manusin mid- et al., 200pvs. 4.46 m st in the ying pigeon (Usherwood et al.,
downstroke position), and at the quarter chord length positio 2005]. Based on these velocity di erences, and assuming that
(Figure 3 Table S3, because aerodynamic theory predicts thaangular velocity is proportional to wingbeat frequency andgyi
the magnitude of aerodynamic force production should besegments are roughly proportional in chukars and pigeons, we
greatest at this position (e.g\pnderson, 201y would expect the manual-to-antebrachial force ratio to b2

To check the validity of this work ow, we compared times higher in chukars than in pigeons (aerodynamic fafce
the distributions of aerodynamic force in our adult model .+ r/2 C V12; see Equation 9).
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Simulations the beginning of the downstroke—de ned as the point at which
Following musculoskeletal model construction, we imported  the tip of the manus began moving closer to the sternum—
models and experimental data into OpenSite(p et al., 200/ produced no aerodynamic force, aerodynamic force increased
and used the built-in inverse dynamics and static optimizati steadily up to mid-downstroke and remained constant through
algorithms to estimate patterns of muscle activation andéor the middle quarter of downstroke, then decreased steadily to
development. For a given set of kinematics and externaero at the end of downstroke and remained at zero through
loads (in this case, aerodynamic forces), inverse dynamitke entire upstroke. Although this was a simplifying assumptio
determines the net joint moments required to produce thenewly developed techniques for measuring aerodynamic force
motion. Static optimization then resolves net moments intoproductionin vivo con rm that aerodynamic force production
individual muscle moments (muscle force times muscle moimerpeaks roughly in mid-downstroke and tapers steadily to zero or
arm) at each time step by minimizing the sum of squaredhearly zero at the beginning and end of downstrokergtink
muscle activations. We made three adjustments before ngni et al., 2015Figure S3.

simulations: In addition to simulating 65 WAIR underin vivo conditions,
we simulated 65 WAIR for the baby and juvenile models
Kinematic Inputs under ve theoretical conditions Table 1) designed to test

Model joints must be constrained either by skeletal geometrpur two hypotheses by assessing whether the pectoralis and
and ligaments or by muscles. Previous studies have incotgra supracoracoideus muscles of baby and juvenile birds were
skeletal and ligament constraints by limiting various taias, capable of apping more e ective, adult-like wings. Treatmehts
or by dening bone translation as a function of bone and 2 were designed to represent a baby or juvenile bird apping
rotation, such that muscle activity only a ects unconstraéh a wing with adult-like feathers (adult value of aerodynanoicé,
rotations and/or translations. Rather than charactengisoft- in terms of percent body weight and lift-to-drag ratio; no cige
tissue and skeletal constraints that limit translation iack in wing size or position of aerodynamic force). Treatments 2,
wing joint—which would have been extremely challenging3, and 4 were designed to represent a baby or juvenile bird
given the complexity of the avian forelimb—we instead iflifia apping a wing with adult kinematics (adult wingbeat frequency
constrained joint translations to match the experimentallyand adult rotations at the shoulder, elbow, and wrist; ahest
observed values. Thus, only bone rotations were driven byateu  kinematics unchanged) and di erent amounts of aerodynamic
activity. force (n vivo or adult magnitudes). Finally, Treatments 4 and 5
Because our aim was to examine how the avian wingvere designed to representa baby, juvenile, or adult bird agpi
functions through ontogeny, we focused on the threeawing without producing any aerodynamic force, to accoumt fo
main wing joints (shoulder, elbow, wrist); for other body inertial properties.
joints (coracosternal, sternal, pelvis/whole body), weiafiit
prescribed all translations and rotations to match experitaén Muscle Physiology
data so that the animals body would be moving at theOpenSim's static optimization routine assumes that tendoes a
correct speed and orientation without requiring additional rigid and do not stretch. For behaviors involving a largegarof
muscles in the model to drive those movements. Howevemotion, such as apping, this is problematic because all length
simulations with the prescribed motions and simulations
containing only rotations at the shoulder, elbow, and wrist
(i.e., shoulder, elbow, and wrist translations, and all esth
non-wing joint motions, “locked”) yielded very similar nels;

TABLE 1 | Kinematic and aerodynamic manipulations.

thus, to simplify comparisons, here we report on simulationsireatment ~ Musculoskeletal ~ Magnitude of Kinematics
using only wing rotations. Kinematics were low-pass Itered a morphology aerodynamic force
53-56Hz. . . . . Baby or Juvenile  Adult aerodynamic force Baby or Juvenile

Reserve actuators, which contribute joint moments if model musculoskeletal Kinematics
muscles are not strong enougHitks et al., 2015; Rankin et al., morphology (unchanged)
20169, were set at an optimal force representing 50% of the (unchanged)
maximum moment (based on inverse dynamics) at a joint ine Adult aerodynamic force  Adult kinematics
a given direction, for each modellgble S3; smaller reserve 3 Baby or Juvenile Adult kinematics
actuators resulted in simulation failure. Residual acttateere aerodynamic force
never used, since the body was “locked” into position. (unchanged)

4 No aerodynamic force Adult kinematics

Aerodynamic Input 5 No aerodynamic force I?aby or. Juvenile
To account for the fact that our propeller models only measured l((:;ec:::;: 9

aerodynamic force production at mid-downstroke, we assumed
an inactive upstroke (no aerodynamic force production) andAdult aerodynamic force (Treatments 1, 2): adult value of aerodynamic fecin terms
applied our measured aerodynamic forces to the middle quartéi‘ percent lbody weight arl1d I|ﬂ-t9-drag ratio; no change in wmAg size or position of
. . . aerodynamic force. Adult kinematics (Treatments 2, 3, 4): adult wingbeatefiquency and
of the kinematic downstroke, then tapered force to zero USINGquit rotations at the shoulder, elbow, and wrist; all other kinematics un@nged. No

a linear interpolation in both directions. Thus, in our modgls aerodynamic force (Treatments 4, 5): accounts for inertial properties.

Frontiers in Bioengineering and Biotechnology | www.frorgrsin.org 9 October 2018 | Volume 6 | Article 140


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Heers et al. Building a Bird

changes must unrealistically occur in the muscle bersyitesy  this study we herein report results with all muscles modeled as
in overly stretched or compressed bers less capable of géngra single muscles.

force. Our preliminary simulations using a rigid tendon rétsd

in most of the joint moment being contributed by reserve
actuators, rather than muscles, for all joints and all modéts
remove errors imparted by the assumption of tendon rigidity,
we ignored muscle force-length relationships (muscle phggio
turned “o ” in OpenSim) and re-ran simulations. This did
not a ect the timing of muscle activations and substantially
reduced the moments contributed by reserve actuators, it d
not eliminate them completely: reserve actuators still dboted

> 10% of the total joint momentg 10% desirable; sétcks et al.,
2015; Rankin et al., 20)L@Figure S4 Table S§.

Timing of Muscle Activations, Length Changes, and

Force Development

Our simulations of WAIR on 65 slopes yielded patterns of
muscle activation that were broadly consistent with patterns
of EMG activity in ying birds (Figure4). EMG data are
only available for the pectoralis muscle during WAIR [pigeons
(Jackson et al., 201} lchukars [obalske et al., 20)]7 However,
ascending ight provides a reasonable comparison because it
has a similar body trajectory to WAIR and comparable apping

. S 7 . kinematics [chukars show similar directions of movement,
Additional sensitivity analyses where joint locations, sole - . - .
e.g., exion vs. extension, but greater ranges of motion, in

geometries, apping kinematics, and aerodynamic force locest i
were adjusted within the range observed among chukars o'rght vs. WAIR (Baier et al,, 20)F Compared to muscle

- - - activity in pigeons during ascending ightC{al, 19920, our
hin th lcul .g. . o .
within the range calculated under di erent assumptions (? 9 simulated activations of most forelimb muscles (14 out of 16

joint location determined by joint anatomy vs. joint locati . - . . o
. . . . for which comparisons were possible) either (a) qualitayivel
determined by kinematics) could not eliminate the need foe t ) e ’ .
matched EMG signals recordéa vivo, with no or low o set in

reserve momentsT@ble S§. This suggested that the limitation &iming [pectoralis, supracoracoideus, coracobrachialiseist

was inherent to using a static approach, which likely (an : . . .
g bp y deltoideus major, subscapularis, pronator, supinator (second

unsurprisingly) cannot completely characterize dynamic obeis L . .
. . . - eak of activityin vivo very low magnitude), extensor metacarpi
function during apping. Static approaches are nonetheless o ) . L .
radialis, extensor carpi ulnaris, extensor digitorum comrsjn

valuable rst start that more dynamic approaches can build uponbr (b) diered only moderately (biceps brachi—simulations

and we proceeded with this in mind. . o -
. . did not capture second EMG burst; triceps—summed activity
Previous studies have suggested that the storage andaeleas . . . ;
of scapulo- and humerotriceps identical to vivo data, but

elastic energy by tendons and ligaments likely plays an inaprt model did not discriminate between di erent heads; exor par

role in the high fr n ing kinemati f bir .g. . L -

ole in the hig frequency apping kine at|<_:s ° b'.ds _(eg "ulnaris—constant but low activity). For the scapulohumiral

Tobalske and Biewener, 2008These dynamic contributions . . . . o
caudalis muscle, our simulations predicted an additionalkpea

cannot be captured by static optimization. Given that peaktjoin L . . .
. of activity in the juvenile model. For the tensor propatagialis
moments occurred at wing turnaround (upstroke-downstroke . . . . .
. . brevis, our simulations di ered substantially across agessga
and downstroke-upstroke transitions), we hypothesized that . S
. . . and occurred at di erent points in the stroke cycle.
remaining moments contributed by reserve actuators mastyi . . .
. . For the pectoralis and supracoracoideus (data not available f
represent moments that would be contributed by elastic tersdo . " R L
other muscles), in addition to similarities in the timing ofuscle

/ ligaments that are stretched during downstroke or upstrake o ; .
. . . activation, simulated patterns of muscle-tendon shortening
then spring back into place at wing turnaround. More complex,

dynamic simulations can test this idea, but are beyond tlopsc v;._lengthenlng and force development were quallta}tlvely
. S . . similar to patterns reported for muscle bers in ying

of this paper. Regardless of the limitations of a static appraach, ; .

. . . . (Tobalske and Biewener, 20Q0&r ap-running (Jackson

is very unlikely that our ontogenetic comparisons would chan et al, 2011 pigeons Figure5). For both the pectoralis

with dynamic simulations, because all models were constdict " Pig 9 . P

L o and supracoracoideus, simulated muscle activation begar mid
the same way and thus faced the same limitations associdted w . . . . o
static simulations. muscle-lengthening, consistent witim vivo excitations. The

pectoralis and supracoracoideus shortened and lengthened in

opposition to one another, and both muscles began developing
RESULTS force while lengthening, as vivo. Peak force occurred when the
Model Validation muscle-tendon units were relatively long.

To validate our model and simulations, we compared the

simulated muscle activations, lengths, and forces with eiggli Magnitude of Muscle Activations

data—when available—from live birds. Simulations with thée/VAIR is one of the least power-demanding apping behaviors
pectoralis modeled as a single muscle following a path througfor adult birds [pectoralis power output 60 W kg * compared
the center of the volume of the muscle vs. simulations with thto  60-190 W kg? for various modes of ight {ackson et al.,
pectoralis modeled as three smaller muscles—to accountsfor i20110]. Thus, we expected activation of the ight muscles to
broad origin (see methods)—did not alter the timing of peetii®  be relatively low for the power-generating (shoulder) muscle
activation but did slightly reduce its average level ofvation, in the adult model. On average, all three models had similar
most likely due to the greater range of moment arm valuegevels of muscle activation, though the baby had slightiyhbi
(Figure S§. This and other modeling decision$gble S§ would  peak activations than the juvenile, which had slightly highe
not a ect our ontogenetic comparisons, so for the purposes opeak activations than the adulfFigure 6, Table S3. For all
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FIGURE 4 | Muscle activations. Simulated patterns of muscle activain during wing-assisted incline running on 65 inclines (red, green, and purple lines) are broadly
similar to the timing of muscle activity during ascending igt in pigeons (gray bars, fromDial, 19922); for explanation of exceptions, see text. Here, the
upstroke-downstroke transition is de ned as the point at wheh the tip of the manus begins moving downward, and the downstoke-upstroke transition as the point at
which the tip of the manus begins moving upward(A) Muscles acting at the shoulder joint(B) Muscles acting at the elbow joint.(C) Muscles acting at the wrist joint.
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FIGURE 5 | Patterns of muscle activation, changes in length, and forceevelopment. Simulation estimates of muscle activation,ortening vs. lengthening, and force
development are qualitatively similar to patterns reportefor ying (Tobalske and Biewener, 200§ or ap-running (Jackson et al., 20118) pigeons. Simulated chukar
data is in purple;in vivo/in vitropigeon data is in gray; solid lines, ap-running on 65 inclines; dashed lines, ascending ight. Gray regions ind&te simulated shortening
of the pectoralis muscle. Lengths represent muscle-tendorengths in chukars. Pigeon forces and lengths are expresseds stresses and strains, respectively; pigeon
muscle “activity” is actually muscle excitation (EMG), wth precedes activation; axes for pigeon data are not shown. l\comparisons are based on adult birds.

FIGURE 6 | Peak and average muscle activations. On average, baby, junée, and adult chukars have similar levels of muscle actitian (A), though the baby chukar
has slightly higher peak activations than the juvenile, wehi has slightly higher peak activations than the adulB). For all age classes, elbow and wrist muscles have
higher average and/or peak activations than shoulder muscte which have relatively low activations (generaly0.5) (Table S7). Each bar represents one muscle. The
pectoralis and supracoracoideus are distinguished by ligier brown coloring in the top rows. P, Pectoralis; S, Supraceacoideus; C, Coracobrachialis posterior; c,
Coracobrachialis anterior; Sb, Subcoracoideus; L, Latissmus dorsi; Sc, Scapulohumeralis caudalis; Ss, Subscaputés; Pb, Propatagialis brevis; D, Deltoideus major;
d, Deltoideus minor; B, Biceps brachii; St, ScapulotricepsH, Humerotriceps; Ps, Pronator sublimis; Pp, Pronator priundus; Sp, Supinator; A, Anconeus; Br,
Brachialis; E, Entepicondyloulnaris; Fc, Flexor carpi wnis; Fs, Flexor digitorum sublimis; Fp, Flexor digitorumrpfundus; U, Ulnimetacarpalis ventralis; Em, Extensor
metacarpi radialis; Ed, Extensor digitorum communis; Ec,ensor carpi ulnaris; Ep, Extensor pollicis longus; Ei, Esnsor indicis longus.

age classes, elbow and wrist muscles had higher average and¥lodel Predictions of Muscle Function
peak activations than shoulder muscles, which, consistétht w Muscle Moment Arms

expectations for the adult model, had relatively low actorse  Moment arms indicate how muscle force is transformed into
(generally< 0.5). limb motion—which joint rotations a muscle should cause
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(or oppose) if activated at a particular point in a locomotor spanning the shoulder joint. The pectoralis was supplemented
sequence. To estimate each muscle's maximum movemerily the coracobrachialis posterior and subcoracoideus (mainl
generating potential at the shoulder, elbow, and/or wrishf®,  retraction), whereas the supracoracoideus was supplemented
we multiplied the maximum isometric forceTéble S2 by slightly by the deltoideus major (elevation, protraction)her
moment arm estimates at every 1% of the stroke cycle. Alntlost acapulohumeralis caudalis (elevation, retraction or prdtoeyg

(' 90%) muscle actions were similar across age clatabe(@. pronation, stabilization), latissimus dorsi (retractioglevation,

Di erences in muscle action across age classes occurred @tabilization), and scapulotriceps (retraction, elevation
7 (out of 30) muscles. At the shoulder, the scapulohumeralistabilization) assisted both the pectoralis and supracddacs.
caudalis had high potential to contribute to humeral elewati Most of these simulated functions were consistent with previous
in the adult model but little capacity to do so in the baby andwork (Dial et al., 1991; Dial, 1992a; Poore et al., 1997a; Bieyener
juvenile models. This muscle could also contribute to huaher 2011; Robertson and Biewener, 2))hough some di erences
protraction in the adult and baby models, but not in the juveni were evidentTable S§.

model. At the elbow, the pronator had capacity for antebralchia Whereas the pectoralis and supracoracoideus dominated
supination in the adult and baby but not the juvenile model,movement at the shoulder joint, our simulated muscle funasio
while the humerotriceps had capacity for antebrachial supamat were more evenly distributed at the elbow and wrist, and ressc

in the baby and juvenile but not the adult. Finally, at the styi were not distinguished by clear downstroke or upstroke activity
the ulnimetacarpalis ventralis had potential to ex the wristBetween early-to-mid upstroke and early-to-mid downstroke,
in the juvenile but not the adult or baby models, and to supinateseveral muscles were activated to unfurl the wing by extendi
the manus in the adult and baby models, but not the juvenilethe elbow (scapulotriceps, humerotriceps, exor carpi ulnaris,
The extensor metacarpi radialis could contribute to manuapronator profundus) and then the wrist (extensor metacarpi
abduction in the adult and baby models but not the juvenileradialis, exor digitorum sublimis, extensor carpi ulnaris)
the exor carpi ulnaris could supinate the manus in the adultSimultaneously, the wrist was abducted (extensor carpi ignar
and baby but not the juvenile model, and the exor digitorum extensor metacarpi radialis), which would allow the primary
could supinate the manus in the baby but not the adult orfeathers to be untucked from their folded position against the
juvenile models. All other potential actions were similarass body (Heers et al., 20)6Elbow abduction (anconeus, extensor

age classes. metacarpi radialis, extensor carpi ulnaris, supinator, exdens
digitorum communis) occurred as well but preceded wrist
Muscle Function abduction, initiating the downstroke-to-upstroke transitio

Whereas moment arms represent the potential for a muscle to Beginning in early-to-mid downstroke, in preparation for
perform an action, inverse dynamics and static optimizatiortucking in the wing during the downstroke-upstroke transition
analyses provide timing and intensity of muscle activity émags  the elbow (pronator sublimis, extensor metacarpi radialisabm
suggest speci ¢ functional roles for each muscle during wingontributions from brachialis, supinator, anconeus, es@n
apping. Here, we de ned the upstroke-downstroke transition digitorum communis, extensor carpi ulnaris) and then wrist
as the point at which the tip of the manus began moving( exor carpi ulnaris, exor digitorum profundus) began to
downward (i.e., closer to the sternum in a transverse plaargj, ex, and the wrist began to adduct ( exor digitorum, exor
the downstroke-upstroke transition as the point at which tigg t carpi ulnaris). Elbow adduction (pronator, humerotriceps
of the manus began moving upward. However, both transitiongnd scapulotriceps, exor carpi ulnaris, biceps brachii; small
were initiated at the shoulder joint, and progressed proximatontributions from entepicondyloulnaris) also occurred but
to distal (shoulder: elbow: wrist). Thus, at the start of preceded wrist adduction, beginning in late upstroke and
downstroke (as de ned by position of the manus), the humerusontinuing into mid-downstroke.
was already being depressed and pronated, and just beginning Long axis rotation at the elbow and wrist was more complex,
to retract. Similarly, at the start of upstroke, the humeruasw generally acting in opposition (see note on washout-Haers
already being elevated, whereas the tip of the manus was just al., 201p and reversing directions several times, which
beginning to reverse direction. would allow the bird to ne-tune the angle of attack along the
Overall, muscle actions determined from muscle momentving (Biewener, 2011 Elbow pronation was likely achieved
arms, simulated muscle activity, and apping kinematics werdoy the tensor propatagialis brevis and biceps brachii, and
consistent with empirical studies of live birds. As in prevsou elbow supination by the exor carpi ulnaris, scapulotriceps, and
work (Dial et al., 1991; Dial, 1992a; Poore et al., 1997a; Biewenhumerotriceps. Wrist pronation seemed to be driven by the exo
2011; Robertson and Biewener, 2))1the pectoralis and carpi ulnaris and exor digitorum, and wrist supination by the
supracoracoideus emerged in our simulations as the mairedsiv extensor metacarpi radialis and extensor digitorum comnsuni
of the downstroke and upstroke, respectively. The pectoralis As with the shoulder muscles, the simulated functions of
was active during the upstroke-to-downstroke transition,muscles spanning the elbow and/or wrist were consistent with
acting to decelerate and then depress, retract, and pronate tldata on live birds Dial et al., 1991; Dial, 1992a; Poore et al.,
humerus ([able S§. The supracoracoideus acted in an oppositel997a; Biewener, 2011; Robertson and Biewener,) 2@ith
pattern, contracting during the downstroke-upstroke tréisi  one informative exceptionlgble S§. Our models suggested that
to decelerate and then elevate and supinate the humeruthe pronator muscles did not actually contribute to pronation
Both muscles were aided by the activity of smaller musclest the elbow: although the pronator profundus and pronator
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TABLE 2 | (A—C) Muscle moment arms and potential functions.

Rotation Age class Ontogenetic differences?
(<5% in one model and
Baby Juvenile Adult >20% in another)
(A) SHOULDER MUSCLES
Depression Pectoralis Pectoralis Pectoralis
Elevation Supracoracoideus Supracoracoideus Supracoracoideus Scapulohumeralis caudalis
Scapulohumeralis caudalis Scapulohumeralis caudalis Scapulohumeralis caudalis
Latissimus dorsi Latissimus dorsi Latissimus dorsi
Deltoideus major Deltoideus major Deltoideus major
Scapulotriceps Scapulotriceps Scapulotriceps
Retraction Pectoralis Pectoralis Pectoralis
Coracobrachialis posterior Coracobrachialis posterior Coracobrachialis posterior
Scapulohumeralis caudalis Scapulohumeralis caudalis Scapulohumeralis caudalis
Latissimus dorsi Latissimus dorsi Latissimus dorsi
Subcoracoideus Subcoracoideus Subcoracoideus
Scapulotrceps Scapulotriceps Scapulotriceps
Protraction Supracoracoideus Supracoracoideus Supracoracoideus Scapulohumeralis caudalis
Scapulohumeralis caudalis Scapulohumeralis caudalis Scapulohumeralis caudalis
Pectoralis Pectoralis Pectoralis
Propatagialis brevis Propatagialis brevis Propatagialis brevis
Pronation Pectoralis Pectoralis Pectoralis
Scapulohumeralis caudalis Scapulohumeralis caudalis Scapulohumeralis caudalis
Supination Supracoracoideus Supracoracoideus Supracoracoideus
X Pectoralis X

Propatagialis brevis
Coracobrachialis posterior
Subcoracoideus

(B) ELBOW MUSCLES

Flexion Propatagialis brevis
Biceps brachii
Pronator
Extensor metacarpi radialis

Extension Humerotriceps
Scapulotriceps
Flexor carpi ulnaris

Anconeus

Adduction Pronator
Humerotriceps
Entepicondyloulnaris
Flexor carpi ulnaris
Biceps brachii
Scapulotriceps
Propatagialis brevis

Abduction Anconeus

Extensor metacarpi radialis
Propatagialis brevis
Supinator

Extensor carpi ulnaris

Extensor digitorum communis

Pronation Propatagialis brevis
Anconeus

Biceps brachii
Humerotriceps
Scapulotriceps

Extensor metacarpi radialis

Supination Pronator
Flexor carpi ulnaris
Entepicondyloulnaris
Scapulotriceps
X
Humerotriceps

Propatagialis brevis
Coracobrachialis posterior
Subcoracoideus

Propatagialis brevis

Biceps brachii

Pronator

Extensor metacarpi radialis

Humerotriceps
Scapulotriceps
Flexor carpi ulnaris
X

Pronator
Humerotriceps
Entepicondyloulnaris
Flexor carpi ulnaris
Biceps brachii
Scapulotriceps
Propatagialis brevis

Anconeus

Extensor metacarpi radialis
Propatagialis brevis
Supinator

Extensor carpi ulnaris
Extensor digitorum communis

Propatagialis brevis
Anconeus

Biceps brachii

X

X

Extensor metacarpi radialis

Pronator

Flexor carpi ulnaris
Entepicondyloulnaris
Scapulotriceps

X

Humerotriceps

Propatagialis brevis
Coracobrachialis posterior
X

Propatagialis brevis

Biceps brachii

Pronator

Extensor metacarpi radialis

Humerotriceps
Scapulotriceps
Flexor carpi ulnaris
X

Pronator
Humerotriceps
Entepicondyloulnaris
Flexor carpi ulnaris
Biceps brachii
Scapulotriceps

X

Anconeus

Extensor metacarpi radialis
Propatagialis brevis
Supinator

Extensor carpi ulnaris
Extensor digitorum communis

Propatagialis brevis
Anconeus

Biceps brachii
Humerotriceps

X

Extensor metacarpi radialis

Pronator Pronator
Flexor carpi ulnaris Humerotriceps
Entepicondyloulnaris

Scapulotriceps

Biceps brachii

Humerotriceps

(Continued)
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TABLE 2 | Continued

Rotation

Age class

Baby

Juvenile

Adult

Ontogenetic differences?
(<5% in one model and
>20% in another)

(C) WRIST MUSCLES

Flexion Flexor carpi ulnaris Flexor carpi ulnaris Flexor carpi ulnaris Ulnimetacarpalis ventralis
X Flexor digitorum Flexor digitorum
Ulnimetacarpalis ventralis Ulnimetacarpalis ventralis Ulnimetacarpalis ventralis
Extension Extensor metacarpi radialis Extensor metacarpi radialis Extensor metacarpi radialis
Extensor pollicis longus Extensor pollicis longus Extensor pollicis longus
Extensor carpi ulnaris Extensor carpi ulnaris Extensor carpi ulnaris
Extensor indices longus Extensor indices longus Extensor indices longus
Extensor digitorum communis Extensor digitorum communis Extensor digitorum communis
X Flexor carpi ulnaris X
Flexor digitorum Flexor digitorum Flexor digitorum
Ulnimetacarpalis ventralis Ulnimetacarpalis ventralis Ulnimetacarpalis ventralis
Adduction Flexor digitorum Flexor digitorum Flexor digitorum
Flexor carpi ulnaris Flexor carpi ulnaris Flexor carpi ulnaris
Extensor metacarpi radialis Extensor metacarpi radialis Extensor metacarpi radialis
Ulnimetacarpalis ventralis Ulnimetacarpalis ventralis Ulnimetacarpalis ventralis
Extensor pollicis longus Extensor pollicis longus Extensor pollicis longus
Abduction Extensor carpi ulnaris Extensor carpi ulnaris Extensor carpi ulnaris Extensor metacarpi radialis
Extensor digitorum communis Extensor digitorum communis Extensor digitorum communis
Extensor metacarpi radialis X Extensor metacarpi radialis
Extensor indices longus Extensor indices longus Extensor indices longus
Flexor carpi ulnaris Flexor carpi ulnaris Flexor carpi ulnaris
Extensor pollicis longus X Extensor pollicis longus
Flexor digitorum X X
Ulnimetacarpalis ventralis Ulnimetacarpalis ventralis Ulnimetacarpalis ventralis
Pronation Flexor carpi ulnaris Flexor carpi ulnaris Flexor carpi ulnaris
Flexor digitorum Flexor digitorum Flexor digitorum
Extensor carpi ulnaris Extensor carpi ulnaris Extensor carpi ulnaris
Ulnimetacarpalis ventralis Ulnimetacarpalis ventralis Ulnimetacarpalis ventralis
Extensor metacarpi radialis Extensor metacarpi radialis Extensor metacarpi radialis
X Extensor pollicis longus X
Extensor digitorum communis Extensor digitorum communis X
Supination Extensor metacarpi radialis Extensor metacarpi radialis Extensor metacarpi radialis Flexor carpi ulnaris

Extensor pollicis longus
Extensor indices longus
Flexor carpi ulnaris
Ulnimetacarpalis ventralis
Extensor digitorum communis
Flexor digitorum

Extensor pollicis longus
Extensor indices longus

X

X

Extensor digitorum communis
X

Extensor pollicis longus
Extensor indices longus
Flexor carpi ulnaris
Ulnimetacarpalis ventralis
Extensor digitorum communis
X

Ulnimetacarpalis ventralis
Flexor digitorum

Potential muscle contributions, determined as a percentage of the total momert a joint, averaged over the entire stroke cycle. Color codes: bold black, mate moment  50% total

moment; black, 50%> moment 20%; purple, 20%> moment 5%; red, 5% > moment. “Pronator” includes P. profundus and P. sublimis; “Flexor digitoruirincludes F. d. sublimis
and F. d. profundus. “Ontogenetic differences” column refers to musles in which moments differ across age classes.

sublimis were activated while the elbow was pronating, treyan  Development of the Avian Flight Apparatus
supinating moment and thus helped to stabilize against ekaess Joint Moments
pronation. Maximum joint moments associated with ap-running increase
Finally, as in live birds, all of our modeled muscles had &om baby to juvenile to adult, even when accounting for
decelerating and/or stabilizing function at some point digithe  body size Figure 7, Table S4. Long-axis rotation moments
stroke cycle. For example, the pectoralis and supracorac®idewere small compared to other motions. At the elbow and
were initially activated when their moment arms opposed thewrist, abduction-adduction moments were generally gretitan
current shoulder rotations, and thus decelerated the humer those for exion-extension, re ecting the high inertial tques
at the end of the upstroke or downstroke, respectively. Thassociating with apping and aerodynamic force production.
antagonistic triceps and biceps muscles were sometimes c®imilarly, at the shoulder, elevation-depression momengsew
activated, and the exor digitorum stabilized against abtion  greatest in the adult and juvenile, but protraction-retiact
whereas the extensor digitorum communis and extensor cargivas greatest in the baby; young chicks tend to ap in a
ulnaris stabilized against exion and adduction at the wris more craniocaudal direction than older birdsdéers et al.,
(Table S8. 201).
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Kinematic and morphological manipulations Tgble 1)
revealed several trends. First, for all age classes, imgrovin
feather and wing quality (represented by increased aerodjmam
forces) increased activation of the pectoralis muscle during
the downstroke Figures 8C,E,G but decreased activation of
the supracoracoideus muscle during the downstroke-upstroke
transition (Figures 8D,F,G. Though somewhat counterintuitive,
aerodynamic force helped to slow the wing in late downstroke
and thus reduced the role of the supracoracoideus muscle in
deceleration (reduced activation by 13% in adult model).

Second, for the baby and juvenile models, simulating WAIR
with adult kinematics reduced peak activation of both the
pectoralis Figures 8C,B and supracoracoideus-igures 8D,F,
presumably because adult chukars use a lower angular velocity
during WAIR [61 vs. 66—69rad & (Heers et al., 20)]L

Finally, manipulations indicated that the muscles of baby and
particularly juvenile chukar models were capable of apping
more aerodynamically e ective wings. Under all conditions
(Table J), the juvenile model's muscles were able to ap a
better, more adult-like wing: increasing aerodynamic é&to
adult magnitudes increased activation of the pectoralis ¢ieys
but not much above adult levels of activatiofrigure 8E
reserve actuators unchanged). For the baby model, inergasi
aerodynamic force to adult magnitudes increased activatib
the pectoralis muscle much more substantially, above aells
but less than maximal [0.023 during mid-downstroka yivo)
vs. 0.20 (Treatment 1—baby kinematics) or 0.26 (Treatment
2—adult kinematics)]Eigure 8C reserve actuators changed by
< 3%). This suggests that baby and particularly juvenile chaikar
are capable of apping more aerodynamically e ective wings.

Inertial properties contributed to, but did not alter, these
trends. During early-downstroke, when aerodynamic force
production was rising, inertial properties accounted for 71—
78% of pectoralis activation in all three modeBigure 8G
dashed vs. solid lines). During wing turnaround (downsteek

FIGURE 7 | Normalized shoulder moments. Moments at the shoulder joint upstroke and upstroke—downstroke transmons), peCtora“S and

standardized by body weight and moment arm lengths of the petoralis and supracoracmdeus activations could be attributed a|m03f@5ﬂ
supracoracoideus (averaged over one wingbeat); all modelsere simulated to Overcoming limb inertia because aerodynamic force was no
under identical conditions (adult kinematics and no aerodyamic force). Joint being produced. However, as mentioned earlier, aerodynamic
moments increase from baby to juvenile to adult, even when amunting for force production reduced supracoracoideus activation bpihgl

body size.

to decelerate the wing in late downstroke. Wing inertia ttiere
played a substantial role in determining muscle activation
throughout the stroke cycle. This was particularly true foet
adult model, which experienced greater inertial forces evieernw
Ontogenetic Limits on Locomotor Capacity: Feathers standardizing for body sizé~{gure 7).

vs. Muscles When inertial e ects were eliminated-(gure 8H), pectoralis
We initially hypothesized that musculoskeletal and featheactivation in the juvenile model was still low—only slightly
morphology would equally limit locomotor capacity, such thatabove adult levels—and pectoralis activation in the babyehod
baby and juvenile chukars would have high muscle activationwas still 2—3 times higher than the adult. Our simulationsigh
(Ho). However, in general, the baby and juvenile models hadollectively suggest that the relatively low activationsadfy, and
low simulated muscle activations, particularly at the skeul particularly juvenile, ight muscles occurred partially beca
(generally< 0.5) (Figures 4 6). Activations were higher at the developing chukars are small (low wing inertiEgure 7), and
elbow and wrist, but only slightly higher than activatiomsthe  partially because in developing chukars feather quality (dgpac
adult (Table S7. These relatively low activations—particularly in for aerodynamic force production) limits apping performance
the power-generating shoulder muscles—suggest that appingiore than muscle morphology—i.e., baby and especially juzenil
performance in developing chukars is more limited by otherchukars appear to be capable of apping better, more adult-like
non-muscular factors (e.g., feathers or skeletal kinersti wings Figures 8C—F.
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FIGURE 8 | Manipulations in aerodynamic force and kinematics: effeston pectoralis (A,C,E,G,H) and supracoracoideus(B,D,F,G) activation levels. Overall,
increasing aerodynamic force production to adult levelsr(iterms of percent body weight) in the baby and juvenile modslincreases activation of the pectoralis muscle
during mid-downstroke, but not to high levels € 0.4, baby; < 0.15, juvenile). Supracoracoideus activation decreasefecause increased aerodynamic force
production helps decelerate the wing and prepare for upstrke. (A,B) In vivokinematics and aerodynamic force production{C—F) baby or juvenile model simulated
with different combinations of aerodynamic force (BF, babjorce; JF, juvenile force; AF, adult force) and kinematic8K, baby kinematics; JK, juvenile kinematics; AK,
adult kinematics),in vivo activations for adult and baby or juvenile still shown(G) in vivokinematics with (solid lines) or without (dashed lines) amtynamic force
production, pectoralis indicated by lighter colors (red,ght green, purple), and supracoracoideus by darker color¢maroon, dark green, indigo){H) activation due to
aerodynamic force production:in vivokinematics with no aerodynamic force production subtracte from in vivokinematics with adult aerodynamic force production,
to account for ontogenetic differences in inertial propeies.
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Compensatory Mechanisms

Given our initial prediction (H), the underutilized potential of
the baby and especially juvenile pectoral muscles is somewhat
surprising. However, our models and simulations suggest tha
chukars acquire a number of compensatory mechanisms by the
time they become ight capable, such that 18—20 day old jueeni
birds are not hampered by muscle morphology.

Muscle compensation

Proportionally, developing chukars have much smaller mscle
than their adult counterparts, especially for muscles acting
around the shoulderKigure S§. However, all else being equal,
smaller animals tend to be relatively stronger than largemels
because the ratio of muscle area (proportional to force) toybod
weight declines with size, as does moment arm length relativ
the inertial moments that must be opposed.

In addition, based on our models, juvenile chukars seemed
to compensate for small ight muscles by having relativelygo
moment arms and muscled-igure 9 compared to baby and
adult chukars, as well as high muscle cross-sectional doeas
their body weight Figure 10. The relatively long moment arms
of the juvenile were mainly in the z (elevation-depression or
extension- exion) and y (protraction-retraction or abduoh-
adduction) directions [seeHeers et al., 20)6and references
therein for further explanation of coordinate systems]. $ae
moment arm increases were at least partially attributable tp
the juvenile's proportionally long and/or wide limb bones
(Figure 11A), which allowed for long muscle bers and shifted
muscle lines of action away from the wing joints. In contrast| FIGURE 9 | Normalized muscle moment arms and lengths. The juvenile med
our models suggested that adult chukars have proportionalig lo tends to have relatively long moment arms and muscle Iengthsgmpared to
moment arms at the shoulder in the x direction (supination- the adult and baby quels.(A) Moment arms for muscles crossing thfe

i . -, | shoulder, elbow, or wrist, averaged over the stroke cycle athstandardized by
pronation). This appears to be the result of an expanded bicipital otarium length. Different lines are for different muscle®ed lines: moment
crest, exaggerated angle between the head and shaft of them is greatest (most positive or most negative) in the baby adel; green:
humerus, and expanded margo caudalrsig(Jre 113_ All of moment arm is greatest in the juvenile model; purple: momerdrm is greatest
these features are absent in developing chukars but allokwrigr in the adult model; gray: no ontogenetic trend. The juvenilbas proportionally

. . . . long z (elevation-depression or extension- exion) and y (ptraction-retraction
moment arms perpendicular to the long axis of the limb in adult . abduction-adduction) moment arms, and the adult has long

birds. (supination-pronation) moment arms at the shoulde(B) Muscle-tendon unit
Given that a muscle's ability to induce joint movement| (MTU) length through one wingbeat cycle (0~100%), standaized by notarium

depends on both its moment arm and its capacity to produce Iength;diﬁerent colors represent different muscles crasing the shoulder,
force (proportional to physiological cross-sectional arehp | ©/PoW: or wrist

proportionally long z and y moment arms and proportionally

high cross-sectional areas of our juvenile model yielded

high potential joint moments for elevation-depression and

protraction-retraction Figure 12). These high potential joint aerodynamic force for their body weightFigure 3), and
moments suggest that the juvenile model was not limitedess lift per unit drag lleers et al., 20)1 This is partially

by the amount of force the muscles could produce indue to small wing size{ial et al., 2006; Heers and Dial,
elevation-depression and protraction-retraction. Plogtimuscle 2012), and partially due to feather microstructureHéers
force against muscle activation under a standardized set ef al., 201). Previous work has shown that during WAIR,
conditions (adult kinematics, no aerodynamic force) suppdrt developing chukars compensate some for their high-drag wings
this inference: for a given level of muscle activation, dorcby apping with a steep stroke plane angle, such that drag
production in the juvenile model was relatively similar toath mainly supports body weight Heers et al., 20)1 18-20

of the adult (sometimes higher, sometimes loweigure Sj, day old juvenile chukars additionally appeared to compensate
indicating that muscles in the juvenile model, though smaéiye  for poorer quality feathers by having relatively long feagher

e ective for the model's (small) body size. (Figure S9§.
However, feather compensation seemed to be less substantial
Feather compensation than muscle compensation. Our results suggested that long

Developing chukars have less aerodynamically e ective éath muscles and long muscle moment arms, coupled with small
than adults: compared to adults, younger birds produce ledsody size, allowed the 18-20 day old chukar model to produce
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FIGURE 10 | Normalized muscle force. Maximum isometric muscle force aa
percentage of body weight, for the pectoralis and supracoraeoideus (both
sides of the body). The juvenile model has the highest maximuforce, for its
body size.

FIGURE 11 | Skeletal anatomy.(A) Images of right forelimbs in dorsal view,

high muscle forces per unit body Weight—greater than thosestandardized by notarium length. The proportionally long wment arms and
. . . le-tendon lengths Fi 9) of the j il likely due, at least partially,

produced by adultsHigure 10. Simulations also showed that | Muscte-tendon lengths Figure 9) of the juvenile are likely due, at [east partially

! . N ) L to its proportionally long and sometimes wide limb bones(B) Images of right

luvenlle_and adult chukars activated their musclgs t_o gimil humeri (adult, purple; juvenile, green; baby, red), standdized by notarium

levels Figure 8 Table S7. Together, these results implied that | length; left images in posterior view, right images in dordaiew. The

juveni|e chukars are not hampered by muscle morphology. proportionally long moment arms of the adult for long axis ration at the

In contrast despite having proportionally Iong feathers. 18+ shoulder Figure 9) are at least partially due to its expanded bicipital cres#(),

20 da O|(,j chukars produced less aerodvhamic forc,e @ exaggerated angle between the head and shaft of the humerustR), and

. Yy . p Yy pe expanded margo caudalis (#3).

unit body weight than adultsKigure 13. Feather morphology

therefore seemed to limit apping performance more than

muscle morphology in developing chukars: accounting for body

size, our models suggested that the feathers of immaturkasisu _ ) )
produced proportionally less force than their muscles, andnostimportant ight muscles, the pectoralis (downstroke) and

that baby and especially juvenile chukars would be capable ¢Pracoracoideus (upstroke), which also shortened, lengiien

apping better, more adult-like wings. Thus, His supported @and developed force similarly to ying and ap-running
over Ho. pigeons Figure 5). For the seven muscles showing di erences

between simulated anth vivo muscle activity, discrepancies

could be real—due to di erences in kinematics and/or muscle
DISCUSSION morphology (WAIR vs. ight, chukars vs. pigeons)—or may
Comparison With Live Birds re ect model simpli cation. For example, muscle origins and
Overall, our musculoskeletal models and simulations appear tnsertions were modeled as points, but many muscles have
be reasonable, at least qualitative approximations of th&ahu broad origins (e.g., scapulohumeralis caudalis originates: f
ight apparatus, because muscle activity and functionalsaiee  the entire lateral surface of the scapula but was modeled as

=

largely consistent with data from live birds. a “point” origin midway along the scapula). Limitations of
static optimization might also have contributed to di erences
Muscle Activity between modeled vsn vivo activations (e.g., optimizing to

In general, the timing of simulated muscle activations dgri minimize squared muscle activations; assuming that priduife
WAIR was very similar to the timing of muscle activity events in a cycle do not inuence others; tendon elasticity
in live birds during similar behaviors [ascending ight— ignored). Future analyses can discriminate between some
similar body orientation and apping kinematicsBgier et al., of these possibilities, but in general, our simulated muscle
2013] (Figured). This was particularly true for the two activations during WAIR were similar to patterns of muscle
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FIGURE 12 | Maximum potential joint moments. Maximum potential joint mments (positive or negative muscle moment arms (in z, y, and directions) multiplied by
maximum isometric muscle force, summed for all muscles at ezh 1% of the stroke cycle, then averaged over the stroke cycland normalized by notarium length and
body weight) are greatest in the juvenile model for more thahalf of the possible joint motions. Red bars, baby has the grest (most positive or most negative) joint
moment; green bars, juvenile has the greatest joint momengreen hashed bars, juvenile and adult have similar joint moents; purple bars, adult has the greatest joint
moment. Row z, elevation C moments) vs. depression () (shoulder joint) or extension®) vs. exion ( ) (elbow, wrist); row y, protraction€) vs. retraction ()
(shoulder) or abduction €) vs. adduction () (elbow, wrist); row x, supination@) vs. pronation () (all joints). B, baby model (7-8 days); J, juvenile modelgd20 days);
A, adult model & 100 days) during wing-assisted incline running; A adult model during ascending ight, for comparison.

activity in live birds. This similarity is interesting bacse the deltoideus major, and scapulohumeralis caudalis muscles, and
simulations involved rapid, intense behaviors that would beappear to have resulted from kinematic di erences between
expected to be very non-static and hence potentially result ilVAIR and ight. During WAIR, the humerus is kept relatively
large discrepancies between experimental (i.e., dynamid) arelevated and retracted compared to level ight, which altées
simulation (i.e., static) results. Forward dynamic analy@ moment arms of these shoulder muscl@alfle S§. Di erences
beyond the scope of this study but will be done in follow-upalso occurred in the pronator sublimis and pronator profundus,

analyses. but our simulations suggest that in birds these muscles
actually oppose rather than cause pronation, due to the unique
Muscle Function orientation of the avian ulna and radius with respect to the

Muscle functions based on simulated muscle activity, momerftumerus (articulation with humerus rotated compared to huma
arms, and kinematics were also largely consistent with presly ~ condition; Table S§. Although the pronator muscle pronates
suggested functionsTéble S§ (Dial et al., 1991; Dial, 1992a; the forearm in humans, “pronator” is probably a misnomer in
Poore et al., 1997b; Biewener, 2011; Robertson and BiewerRirds. In short, functional discrepancies betweeivivo and our
2019. Discrepancies betwedn vivo and simulated functions Simulated data occurred, but likely re ect kinematic di erees
occurred in the coracobrachialis posterior, subscapulari®etween WAIR and ight or nomenclatural inaccuracies.
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might result in erroneously high activations in muscles like
the supracoracoideus, and/or greater contributions frone th
reserve actuators used in our studiFidqure S4. It is also
possible that the fast twitch (white/fast glycolytic) muscle
bers characteristic of chukars and other galliform birds
make their muscles more e ective than the generic muscles
modeled (e.g., in terms of maximal force per unit area, or
dynamic e ects not simulated in our static analyses—such
as maximal muscle contraction velocity). Force enhanceémen
following muscle stretching has been demonstrated for some
vertebrates Hlerzog and Leonard, 20)and may play a role
avian ight, given that the pectoralis and supracoracoideres a
stretched substantially prior to the downstroke and upstroke,
respectively, but this has not been explored experimentally.
Finally, ligaments or bony restrictions at joints, and dyriam
events such as wing clapping at the end of upstroke, could
reduce active muscle contributions by passively restrctime
range of motion at joints. Future analyses will assess these
possibilities.

Feather vs. Muscle Development

Compared to adults, developing chukars have small wings and/o
less aerodynamically e ective feathefsigl et al., 2006; Heers
etal., 201}, proportionally small muscles{eers and Dial, 2005

and less specialized skeletons with smaller bony projecfams
muscle attachmentHeers and Dial, 2012; Heers et al., 2016
Immature chukars appear to compensate partially for their
underdeveloped ight apparatuses in several ways. Our models
showed that because developing chukars are small, they have
FIGURE 13 | Feathers vs. muscles (A) Wing area (blue) increases faster than low wing inertia fFigure 7). 18-20 day old juvenile chukars
muscle mass (red; all ight muscles) or physiological crossectional area additionally appear to compensate by having relatively Iong
(orange), until molt. This suggests that early in ontogenguscles must be wing feathers Ifigure Sa, very low Wing Ioadinglackson etal.,

“pre-equipped” to ap bigger and better wings. (B) Consistent with (A), X .
muscles reach adult levels of performance (maximum force/kty weight; red) 20091 and proportlonally Iong muscles with Iong moment arms

more rapidly than wings (force/body weight, fronHeers et al., 2013; blue), that contribute to high potential joint momentsF{gure 12).
suggesting that muscles are more functionally developed #in feathers in baby However, feather compensation appears to be less substantial
and juvenile chukars. Data irf{A) represents two wings, and muscles on both than muscle compensatiorlF(gure 13 and baby and especially

sides of the body.

juvenile chukars seem to be capable of apping better, more
adult-like wings Figure 8). Thus, locomotor performance in
developing chukars may be limited more by wing morphology
Magnitude of Muscle Activations and aerodynamic force production than by muscle morphology.
The magnitudes of simulated muscle activations during WAIR It is possible that the muscles of young chukars dier
were generally low for all three age classes, particulartheat histologically from the muscles of adults, just as feather
shoulder. This is consistent with previous work demonstrgti microstructure diers between immature and adult chukars
that WAIR is an “easy” apping behavior compared to ight, (Heers et al., 20)1If so, the muscles of developing chukars
at least for adult birds Jackson et al., 201)LtHowever, even may not be as e ective as our simulations would suggest.
in the adult model the simulated activations of some muscledHowever, previous studies indicate that our 18-20 day jueeni
particularly the supracoracoideus Q.5; Figure 4), might be model's muscle physiology likely is accurate. For example,
somewhat higher than expected. This is probably due tdones (1982)pbserved no dierence in structural detail or
simulation limitations, namely the inability of static optization ~ ber size in the pectoralis between edged and adult House
to account for dynamic e ects. Sparrows Passer domestiQusThe muscle bers of sparrows
Whereas most ight muscles are parallel- bered with shortabout to edge (15 days) were adult-like in composition and
tendons, the supracoracoideus muscle is pennate with a lorayganization, though smaller in cross-sectional area $tsient
tendon that likely stores a substantial amount of elastiavith smaller muscle mass). Similarlyicklefs (1979jound that
energy, possibly contributing 28-60% of the net work donehe pectoralis of juvenile Japanese Qud&lbi{urnix coturniy
by the supracoracoideus @balske and Biewener, 2Q0&tatic  had an adult-like water index (indicative of muscle funci@bn
optimization does not allow for elastic energy storage andnaturity) by the time the birds began to y (87 or 100% adult
release Delp et al.,, 2007; Rankin et al., 201&nd thus value at 20 and 30 days post-hatch, respectiv@lygoturnix
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reported to y at 30 days but 20 days is probably morefeathers and/or wing joints of young birds would excessively
similar to our 20 day old chukars). Finallyjobalske et al. deform (Heers et al., 2011, 20)L&nd result in a less e ective
(2017)tracked pectoralis function during chukar ontogeny andwing orientation, such that aerodynamic force productionuAcd
found that activation and contractile behavior di ered innye not actually increase much and increasing wingbeat frequenc
young chukars (9 days; long EMG duration and lower EMG would o er little improvement to performance. Regardless,
amplitude, strain, fractional shortening, and contractikdocity) our simulations suggest that baby and particularly juvenile
but converged on adult levels between 9 and 20 days postuscles are strong enough to ap wings with better quality
hatch. feathers.

Collectively, these studies indicate that our 7—8 day baby
model likely overestimates muscle capacity (e.g., maxionet, Implications for the Evolution of Avian
whereas our 18—-20 day juvenile model is probably accuratesn t Flight
regard. Maximum isometric muscle force of the pectoralis obeis
would have to decrease by 83% (functional maturity 17% oftadu fully bird-like skeletons Dececchi et al., 2016: Heers et al.,

to prevent our juvenile model from apping at adult levels of - ) -
aerodynamic force production. Even newly hatched quailsehavzo16 and presumably hypertrophied pectoral muscles—were

water indices that are 50% of the adult val&&idklefs, 1979 afg;:;gg'J;??;g?;:':%;??)Igge;r':grzlawusbﬁlzz \?:grn? a?c?(ﬂ:?n
indicating that juvenile chukars should be able to ap adiike P P y b 9

. . . . signi cant amounts of aerodynamic force via appin@étrom,
wings even if their muscles are not quite as mature as our fsode 9 y PPINGE

assumed 1974, 1976, 1979, 1986; Bock, J)98dowever, our results
There ;'Jlre at least two reasons why feathers might be expectsd. that animals with small body size do not require
S Y g P tﬁypertrophied ight muscles for apping behaviors involving

to be more limiting than muscles early in chukar ontogenyskti . . A .

. R . o . the cooperative use of wings and legs. As in juvenile chukars,
Wing slze Increases more rapidly than muscle size in devejoplnsma" incipiently ight-capable theropods with relativelyrdbi
chukars_Flgure 13, so muscles must be “pre-equipped" to ap ke wings but less derived musculoskeletal anatomies might
better wings. For example, between 8 and 10 days post-hatchi ve had enough muscle capacity for behaviors like ap-
wing area increased by 82% but muscle cross-sectional arreuanning apping jumps, and possibly even brief ight. In
. 0 . . . . 1 L *
|ncreased_ by< 3.0/0' Wing size increases more rap|_dly thanspecies with larger bodied adults [e.¥elociraptor (Turner
muscle size until 50 days post-hatch. At this stage juveniles S . . .

. L . ... et al., 20074, it is reasonable to hypothesize that juveniles
molt and replace their poorer quality juvenile plumage withfhig . . .

. . .~ were capable of apping behaviors unavailable to adults (see
qu_ahty adult feathergkﬂeers et al., 20)land muscle size begins Parsons and Parsons, 2015uch that younger animals were
toincrease more rapldly._ . . . more wing-reliant and older animals were more leg-reliant,

Second, unlike adult birds during molt, developing birds mus

. . - o ; as in extant peafowlHavo cristatugHeers and Dial, 20)h
grow all of their feathers simultaneously, in addition teging Selective pressure for improved wing berformance mav then
other body parts. A number of studies [reviewed iBuler P P gp y

. . have favored paedomorphosis, which would be consistent with
etal., 200)] suggest that dev_eloplng !:)|rds probably do not haVethe small bodpy size'l'(ureler et al.,, 2007b; Lee et al., 2Dp14
enough resources to grow_hlgh quality f(_aathers._Whereaeﬂ;)onof paravians and the paedomorphic characteristics [e.g.)sskul
ffjmd muscles can be continuously m9d| ed for |mproyements(Bhu|Iar et al., 2012 of avialans. The approach outlined here
in performance, feathers are not modi ed after emerging fromprovides a framework for constructing musculoskeletal models

the sheath—feather quality does not improve until the juleni . : ;
plumage is molted and replaced by adult feathetsdrs et al., of other .b'rds orextlr_1ct th_eropod dmosgurs, and future ayWS
addressing the relationship between wing vs. muscle lifitat

201). Feather development thus may be a case of somethlnaquoss a wide range of body sizes, comparing di erent behavior

is better than nothing”: it is likely better to grow a poorer . . -
) . . . . . (e.g., WAIR vs. ight), and exploring the e ects of muscle origi
quality wing quickly than a higher quality wing slowly, ana t and insertion positioning would provide great insight into the

compensate by growing longer feathers at 18-20 days and th%pomechanics and evolution of avian locomotion
molting feathers later on. Muscles and bones are not comstthi '

by this style of growth.

It is possible that if chukars activated their muscles moraCONCLUSIONS
they could increase wingbeat frequency and thereby inereas
aerodynamic force productiori( velocity?), such that feathers Our models and simulations allowed us to estimate muscle
would be less limiting than they appear to be. Howeverfunction under di erent combinations of aerodynamic forcacg
this does not seem to occur. Although 7-8 day old chukarginematics, in order to better examine how muscles, bones,
do use higher wingbeat frequencies during controlled derieand feathers interact with each other and the environment to
descents Jackson et al., 20)9during WAIR they do not accomplish locomotor tasks during bird ontogeny. Although
seem to increase wingbeat frequency to increase aerodgnanstatic approaches are limited in their ability to account for
output and thereby ascend steeper inclines. This could re eadynamic e ects such as tendon elasticity, the simulated paste
a neurological constraint—chukars adopt adult-level wigfb of muscle activation, shortening vs. lengthening, and dorc
frequencies early in ontogenydckson et al., 200®Alternatively, development reported here are broadly similar to patterns
perhaps at higher wingbeat frequencies the more compliargreviously reported for ap-running and vying birds. A

The fossil record shows that large, bird-like wings evolvefibre
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start that more dynamic approaches can build upon. Stati@H and JH designed the musculoskeletal modeling and
simulations o er several new insights into development of thesimulation protocol. AH performed dissections, built
avian ight apparatus and, most importantly, suggest that (ijmusculoskeletal models, ran simulations, and analyzed data.
feathers are more limiting than muscles in young birds, lijke JH and JR provided feedback and guidance on modeling and
due to their unique Sty|e of growth, and that (||) small anitma simulation prOCQdUreS. AH wrote the manuscript. JR and JH
do not need large muscles to produce at least moderate amourig@viewed and edited manuscript drafts.
of aerodynamic forcex60% of body weight).

FUNDING

ETHICS STATEMENT
Funded by NSF PRFB 1308952 to AH; JH was supported by
This study was carried out in accordance with thefunding from the European Research Council (ERC) under
recommendations of the IACUC guidebook, University ofthe European Union's Horizon 2020 research and innovation
Montana Institutional Animal Care and Use Committee, andProgramme (grant agreement #695517).
the Royal Veterinary College Ethics and Welfare Committee.
The protocol was approved by the University of MontanaACKNOWLEDGMENTS
Institutional Animal Care and Use Committee, and the Royal
Veterinary College Ethics and Welfare Committee. We thank the Delp laboratory for modeling and simulation
advice, and manuscript reviewers for their time and feedback
DATA AVAILABILITY
SUPPLEMENTARY MATERIAL

All relevant data are contained within the manuscript. Theitd
musculoskeletal model will be made publicly available in®281 The Supplementary Material for this article can be found
https://simtk.org/. Prior to this date all models are avaitabpon online at: https://www.frontiersin.org/articles/10.3tioe.

request to the primary author. 2018.00140/full#supplementary-material
REFERENCES Crandell, K. E., and Tobalske, B. W. (2011). Aerodynamics of tiprsale
upstroke in a revolving pigeon wingJ. Exp. Biol.214, 1867-1873.

Alexander, R. M. (2002). The merits and implications of travel byrawing, ight doi: 10.1242/jeb.051342

and running for animals of di erent sizesntegr. Comp. Biok2, 1060-1064. Darwin, C. (1859).0On the Origin of Species by Means of Natural Selection,

doi: 10.1093/ich/42.5.1060 or the Preservation of Favoured Races in the Struggle forLbifelon:
Allen, V., Bates, K. T., Li, Z., and Hutchinson, J. R. (2013Xihipthe evolution of Murray.

body shape and locomotor biomechanics in bird-line archosaNaure497,  Dececchi, T. A., Larsson, H. C. E., and Habib, M. B. (2016). Wings before

104-107. doi: 10.1038/nature12059 the bird: an evaluation of apping-based locomotory hypotheses ird bi
Anderson, J. D. (2017Fundamentals of Aerodynamics, 6th ENew York, NY: antecedent?eer J4:e2159. doi: 10.7717/peerj.2159

McGraw-Hill Education. Delp, S. L., Anderson, F. C., Arnold, A. S., Loan, P., Habib, Ain,J€.
Baier, D. B., Gatesy, S. M., and Dial, K. P. (2013). Three-dimeals high- T., et al. (2007). OpenSim: open-source software to create andzanaly

resolution skeletal kinematics of the avian wing and shoulder rayri dynamic simulations of movementEEE Trans. Biomed. Engd, 1940-1950.

ascending apping ight and uphill ap-running. PLoS ONE8:e63982. doi: 10.1109/TBME.2007.901024

doi: 10.1371/journal.pone.0063982 Delp, S. L., and Loan, J. P. (2000). A computational framework for laiing
Bhullar, B. A., Marugan-Lobon, J., Racimo, F., Bever, G. S.,,RoBe Norell, M. and analyzing human and animal moveme@omput. Sci. Eng2, 46-55.

A, etal. (2012). Birds have paedomorphic dinosaur skNlsure487, 223-226. doi: 10.1109/5992.877394

doi: 10.1038/nature11146 Dial, K. P. (1992a). Activity patterns of the wing muscles of theepig
Biewener, A. A. (2011). Muscle function in avian ight: achiey power (Columba livig during di erent modes of ight. J. Exp. Zool262, 357-373.

and control. Philos. Trans. R. Soc. Lond. B Biol. ®66, 1496-1506. doi: 10.1002/jez.1402620402

doi: 10.1098/rsth.2010.0353 Dial, K. P. (1992b). Avian forelimb muscles and nonsteady ightn ca
Bock, W. (1986). The arboreal origin of avian ighem. Calif. Acad. S@, 57-72. birds y without using the muscle in their wingsAuk 109, 874-885.
Brown, N. A. T., Pandy, M. G., Buford, W. L., Kawcak, C. E., andlweith, C. doi: 10.2307/4088162

W. (2003). Moment arms about the carpal and metacarpophalangeal joints Dial, K. P. (2003). Wing-assisted incline running and the eviolubf ight. Science

exor and extensor muscles in equine forelimisn. J. Vet. Re$4, 351-357. 299, 402-404. doi: 10.1126/science.1078237

doi: 10.2460/ajvr.2003.64.351 Dial, K. P., and Biewener, A. A. (1993). Pectoralis muscle fordgpawer output
Butler, L. K., Rohwer, S., and Speidel, M. G. (2008). Quangfsiructural variation during di erent modes of ight in pigeons Columba livig. J. Exp. Biol176,

in contour feathers to address functional variation and lifstbry trade-o s.J. 31-54.

Avian Biol.39, 629-639. doi: 10.1111/j.1600-048X.2008.04432.x Dial, K. P., Goslow, G. E., and Jenkins, F. A. (1991). The fomatianatomy of the

Charles, J. P., Cappellari, O., Spence, A. J., Wells, D. J., and Hutchinso shoulder in the European starlin@{urnus vulgarjsJ. Morphol207, 327-344.
J. R. (2016). Muscle moment arms and sensitivity analysis of a mouse doi: 10.1002/jmor.1052070309
hindlimb musculoskeletal model. Anat.229, 514-535. doi: 10.1111/joa. Dial, K. P., Heers, A. M., and Dial, T. R. (2015). “Ontogenetid axolutionary
12461 transformations: the ecological signi cance of rudimentary stawes,” inGreat

Frontiers in Bioengineering and Biotechnology | www.frorgrsin.org 23 October 2018 | Volume 6 | Article 140



Heers et al.

Building a Bird

Transformations in Vertebrate Evolutiogds K. P. Dial, N. Shubin, and E. L.
Brainerd (Chicago: University of Chicago Press), 283-301.

Dial, K. P., Jackson, B. E., and Segre, P. (2008). A fundameraalvaing-stroke
provides a new perspective on the evolution of ightature 451, 985-989.
doi: 10.1038/nature06517

Dial, K. P., Randall, R. J., and Dial, T. R. (2006). What use is hailh@ in the

ecology and evolution of birdsBioScienc&6, 437-445. doi: 10.1641/0006-

3568(2006)056[0437:WUIHAW]2.0.CO;2

Dial, T. R., and Carrier, D. R. (2012). Precocial hindlimbs and éfrforelimbs:
partitioning ontogenetic strategies in Mallard duck&n@s platyrhynchgsJ.
Exp. Biol215, 3703-3710. doi: 10.1242/jeb.057380

Dial, T. R., Heers, A. M., and Tobalske, B. W. (2012). Ontogemenidynamics
in mallards: comparative performance and developmental implicatidrisxp.
Biol.215, 3693-3702. doi: 10.1242/jeb.062018

Evangelista, D., Cam, S., Huynh, T., Krivitskiy, I., and Dudley2B14). Ontogeny
of aerial righting and wing apping in juvenile birdsBiol. Lett.10:20140497.
doi: 10.1098/rsbl.2014.0497

Evans, H. E., and Heiser, J. B. (2004). “What's inside: anatachyplaysiology,” in
Cornell Lab of Ornithology Handbook of Bird Biologgs. S. Podulka, R. W.
Rohrbaugh, and R. Bonney (New York: Princeton University Prds$}-4.162.

Gatesy, S. M., Baier, D. B., Jenkins, F. A, and Dial,
Scienti ¢ rotoscoping: a morphology-based method of 3-D motion asialy
and visualization.J. Exp. Zool. Part Ecol. Genet. Physil3, 244-261.
doi: 10.1002/jez.588

Jackson, B. E., Segre, P., and Dial, K. P. (2009). Precoci@igiaeat of locomotor
performance in a ground-dwelling birdAlectoris chukdr negotiating a
three-dimensional terrestrial environmenProc. R. Soc. B Biol. S&76,
3457-3466. doi: 10.1098/rspb.2009.0794

Jackson, B. E., Tobalske, B. W., and Dial, K. P. (2011a). Pectovatractile
activity during WAIR and ight in pigeonsintegr. Comp. Biob1:e63.

Jackson, B. E., Tobalske, B. W., and Dial, K. P. (2011b). Thel bevee of
contractile behaviour of the avian pectoralis: functional analetionary
implications.J. Exp. Biol214, 2354-2361. doi: 10.1242/jeb.052829

Jones, M. M. (1982). Growth of the pectoralis muscle of the house spéPasser
domesticysJ. Anat.135, 719-731.

Lee, M. S., Cau, A., Naish, D., and Dyke, G. J. (2014). Sedtaimiaturization
and anatomical innovation in the dinosaurian ancestors of fitienc&45,
562-566. doi: 10.1126/science.1252243

Lentink, D., Haselsteiner, A. F., and Ingersoll, R. (201%)vivo recording of
aerodynamic force with an aerodynamic force platform: from drones tdshi
J. R. Soc. Interfa@®:20141283. doi: 10.1098/rsif.2014.1283

Manal, K., and Buchanan, T. S. (2004). Subject-specic estsnaf tendon
slack length: a numerical methodJ. Appl. Biomech.20, 195-203.
doi: 10.1123/jab.20.2.195

K. P.0Y201 Medler, S. (2002). Comparative trends in shortening velocity armkfproduction

in skeletal musclesAm. J. Physiol. Regul. Integr. Comp. Phy2k8, R368—
R378. doi: 10.1152/ajpregu.00689.2001
Mendez, J., and Keys, A. (1960). Density and composition of maramaiuscle.

Gilbert, S. F., and Epel, D. (200®cological Developmental Biology: Integrating Metab. Exp9, 184-188.

Epigenetics, Medicine, and EvolutiSanderland, MA: Sinauer Associates, Inc.

Gill, F. B. (1994)Ornithology, 2nd EdnNew York, NY: W. H. Freeman and
Company.

Gould, S. J. (1985). Not necessarily a wiviat. Hist.94, 12-25.

Grood, E. S., and Suntay, W. J. (1983). A joint coordinate syfte the clinical
description of three-dimensional motions: application to the knkeBiomech.
Eng.105, 136—144. doi: 10.1115/1.3138397

Heers, A. M., Baier, D. B., Jackson, B. E., and Dial,
Flapping before ight: high resolution, three-dimensional skeldiaematics
of wings and legs during avian developmemLoS ONE11:e0153446.
doi: 10.1371/journal.pone.0153446

Heers, A. M., and Dial, K. P. (2012). From extant to extinct: loctomo
ontogeny and the evolution of avian ighfTrends Ecol. EvoR7, 296-305.
doi: 10.1016/j.tree.2011.12.003

Heers, A. M., and Dial, K. P. (2015). Wings versus legs in thenavaplan:
development and evolution of alternative locomotor strategiesmlution69,
305-320. doi: 10.1111/ev0.12576

Heers, A. M., Tobalske, B. W., and Dial, K. P. (2011). Ontogeniiftoand
drag production in ground birdsJ. Exp. Biol214, 717-725. doi: 10.1242/jeb.
051177

Herzog, W., and Leonard, T. R. (2002). Force enhancement follostiatghing of
skeletal muscléel. Exp. Biol205 (Pt 9), 1275-1283.

Hicks, J. L., Uchida, T. K., Seth, A., Rajagopal, A., and Delp, ®015).
Is my model good enough? Best practices for veri cation and vabdat
of musculoskeletal models and simulations of movementBiomech. Eng.
137:020905. doi: 10.1115/1.4029304

Holzbaur, K. R., Murray, W. M., and Delp, S. L. (2005). A model of the uppe

extremity for simulating musculoskeletal surgery and analyzing mauszular
control. Ann. Biomed. En@®3, 829-840. doi: 10.1007/s10439-005-3320-7

Hu, D., Hou, L., Zhang, L., and Xu, X. (2009). A phechaeopteryxroodontid
theropod from China with long feathers on the metatarsiature 461,
640-643. doi: 10.1038/nature08322

Hudson, G. E., and Lanzillotti, P. J. (1964). Muscles of the pdctond in
Galliform birds.Am. Midl. Nat.71, 1-113. doi: 10.2307/2422689

Hutchinson, J. R., Anderson, F. C., Blemker, S. S., and Delp, S005)
Analysis of hindlimb muscle moment arms Tyrannosaurusex using a three-
dimensional musculoskeletal computer model: implications for stageé,
and speedPaleobiolog$1, 676—701. doi: 10.1666/04044.1

Hutchinson, J. R., Rankin, J. W., Rubenson, J., Rosenblutly. KSiston, R.
A., and Delp, S. L. (2015). Musculoskeletal modelling of an ost&truthio
cameluppelvic limb: in uence of limb orientation on muscular capacity during
locomotion.Peer J3:€1001. doi: 10.7717/peerj.1001

Millard, M., Uchida, T., Seth, A., and Delp, S. L. (2013). Flexingmaational
muscle: modeling and simulation of musculotendon dynamic8iomech. Eng.
135:021005. doi: 10.1115/1.4023390

Mivart, S. G. J. (1871pn the Genesis of Specksw York: Appleton.

Nelson, F. E., Gabaldén, A. M., and Roberts, T. J. (2004). Rarleesity properties
of two avian hindlimb muscleomp. Biochem. Physiol. A Mol. Integr. Physiol.
137,711-721. doi: 10.1016/j.cbpb.2004.02.004

K. P. (2016D'Neill, M. C., Lee, L.-F., Larson, S. G., Demes, B., Stern, dnd.Umberger,

B. R. (2013). A three-dimensional musculoskeletal model of thenghnzee
(Pan troglodytgs pelvis and hind limb.J. Exp. Biol.216, 3709-3723.
doi: 10.1242/jeb.079665

Ostrom, J. H. (1974). Archaeopteryx and the origin of igQt.Rev. Biok9, 27-47.
doi: 10.1086/407902

Ostrom, J. H. (1976). Some hypothetical anatomical stages in tihetin of avian
ight. Smithson. Contrib. Paleobialr, 1-21.

Ostrom, J. H. (1979). Bird ight: how did it begin®m. Sci67, 46-56.

Ostrom, J. H. (1986). The cursorial origin of avian igiMem. Calif. Acad. Sd3,
73-81.

Otero, A., Allen, V., Pol, D., and Hutchinson, J. R. (2017). Forelimtscia
and joint actions in Archosauria: insights fronCrocodylus johnstoni
(Pseudosuchia) andVussaurus patagonicuéSauropodomorpha).Peer J.
5:€3976. doi: 10.7717/peerj.3976

Parsons, W. L., and Parsons, K. M. (2015). Morphological vaniatwithin the
ontogeny ofDeinonychus antirrhopu€rheropoda, DromaeosauridadfLoS
ONE10:e0121476. doi: 10.1371/journal.pone.0121476

Poore, S. O., Ashcroft, A., Sanchez-Haiman, A., and Goslow, @39E7a). The
contractile properties of the M. supracoracoideus in the pigeon antirgjaa
case for long-axis rotation of the humerus Exp. Biol200 (Pt 23), 2987-3002.

Poore, S. O., Sanchez-Haiman, A., and Goslow, G. E. (1997bj. Mistroke and
the evolution of apping ight. Nature387, 799-802. doi: 10.1038/42930

Qiang, J., Currie, P. J., Norell, M. A., and Shu-An, J. (1998). Temthéred
dinosaurs from northeastern ChinaNature 393, 753—-761. doi: 10.1038/
31635

Rankin, J. W., Rubenson, J., and Hutchinson, J. R. (2016krring
muscle functional roles of the ostrich pelvic limb during walking and
running using computer optimizationJ. R. Soc. Interfac&3:20160035.
doi: 10.1098/rsif.2016.0035

Ricklefs, R. E. (1979). Patterns of growth in birds. V. A Comparatively of
development in the starling, common tern, and Japanese iz 96, 10-30.

Robertson, A. M., and Biewener, A. A. (2012). Muscle functionirgy takeo
and landing ight in the pigeon Columba livig. J. Exp. Biol215, 4104-4114.
doi: 10.1242/jeb.075275

Frontiers in Bioengineering and Biotechnology | www.frorgrsin.org 24

October 2018 | Volume 6 | Article 140



Heers et al.

Building a Bird

Rosset, A., Spadola, L., and Ratib, O. (2004). OsiriX: an opeunessaftware for
navigating in multidimensional DICOM image$. Digit. Imagind.7, 205-216.
doi: 10.1007/s10278-004-1014-6

Sellers, W. I, Pond, S. B., Brassey, C. A., Manning, P. L., anes,Ba
K. T. (2017). Investigating the running abilities dfyrannosaurus rex
using stress-constrained multibody dynamic analysfeer J.5:e3420.
doi: 10.7717/peerj.3420

Soman, A., Hedrick, T. L., and Biewener, A. A. (2005). Regiontienpa of
pectoralis fascicle strain in the pige@wolumba liviaduring level ight.J. Exp.
Biol. 208, 771-786. doi: 10.1242/jeb.01432

Thomas, B. T. (1996). “Family Opisthocomidae (Hoatzin),Handbook of the
Birds of the World, Vol. 3, Hoatzin to Auksds. J. Del Hoyo, A. Elliott, and
J. Sargatal (Barcelona: Lynx Edicions), 24-32.

Tobalske, B. W., and Biewener, A. A. (2008). Contractile propeofiéise pigeon
supracoracoideus during di erent modes of ighi. Exp. Biol211, 170-179.
doi: 10.1242/jeb.007476

Tobalske, B. W., and Dial, K. P. (2007). Aerodynamics of wings@skincline
running in birds.J. Exp. Biol210, 1742—1751. doi: 10.1242/jeb.001701

Tobalske, B. W., Jackson, B. E., and Dial, K. P. (2017). Onyagfeight capacity
and pectoralis function in a precocial ground birdléctoris chukgr Integr.
Comp. Biol57, 217-230. doi: 10.1093/icb/icx050

Turner, A. H., Makovicky, P. J., and Norell, M. A. (2007a). Feathslt knobs in
the dinosaur velociraptoiScienc817:1721. doi: 10.1126/science.1145076

Turner, A. H., Pol, D., Clarke, J. A., Erickson, G. M., and Norell, M. 22007b).
A basal dromaeosaurid and size evolution preceding avian i§htenc817,
1378-1381. doi: 10.1126/science.1144066

Usherwood, J. R., Hedrick, T. L., McGowan, C. P., and BiewenerA A
(2005). Dynamic pressure maps for wings and tails of pigeons in slow,
apping ight, and their energetic implicationsJ. Exp. Biol208, 355-369.
doi: 10.1242/jeb.01359

Xu, X., Zhao, Q., Norell, M., Sullivan, C., Hone, D., Erickson, G., e28009).

A new feathered maniraptoran dinosaur fossil that lls a morphological
gap in avian origin.Chin. Sci. Bull54, 430-435. doi: 10.1007/s11434-009-
0009-6

Yang, Y., Wang, H., and Zhang, Z. (2015). Muscle architecturethef
forelimb of the Golden Pheasan€lirysolophus pictugAves: Phasianidae)
and its implications for functional capacity in ightAvian Res.6, 1-8.
doi: 10.1186/s40657-015-0013-2

Zajac, F. E. (1989). Muscle and tendon: properties, models, scalidgpplication
to biomechanics and motor contraCrit. Rev. Biomed. Engj7, 359-411.

Coniict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatips that could
be construed as a potential con ict of interest.

Copyright © 2018 Heers, Rankin and Hutchinson. This is an opessaartiele
distributed under the terms of the Creative Commons AtighiLicense (CC BY).
The use, distribution or reproduction in other forums is jtéedy provided the
original author(s) and the copyright owner(s) are creditedi that the original
publication in this journal is cited, in accordance withegoted academic practice.
No use, distribution or reproduction is permitted whichsdua comply with these
terms.

Frontiers in Bioengineering and Biotechnology | www.frorgrsin.org

25

October 2018 | Volume 6 | Article 140



