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Synopsis Bir ds ar e we ll kn own for th eir ab ili t y to fly, and flight-c ap able adu lt birds have many anatomical specializations 
for me et ing the dem and s of aerial locomot ion. Juveni le birds in a lt ricia l spe cies t ypic a l ly acquire these spe cia lizat ions c lose t o 
fle dg ing and le ave t h e n est wi th so me fligh t ca p abi lity. In cont rast, juveni les in most pre cocia l spe cies beg in navigat ing their 
env ironment w it h rudiment a ry a natomies a n d may n ot deve lop fu l l-size d wings or muscu los ke leta l app a ratuses f or s e veral 
months. Thi s m anu scri pt explo res how juvenile b irds achie ve high le vels o f loco moto r perfo rmance in th e absen ce of flight 
spe cia lizat ion s, by synthesizin g w o rk o n two groups of pre cocia l birds with very different deve lopm enta l st rateg ies. Ga l liforms 
like the Chukar Partridge ( Alect o ris chuk ar ) have earl y win g dev e lopm ent an d are ca pable of fligh t wi thin weeks. Co mpared wi th 
ad ul ts, juvenile c hukar s have less aerody namic a l ly effe ct ive fe at h ers an d sma l ler muscles bu t co m pensa te through ana t omical , 
kin ematic, an d be havioral m ech ani sms. In contra st, waterfowl h a ve dela yed wing deve lopm ent an d init ia l l y rel y on leg-b ase d 
loco motio n. In Mallards ( Anas platy rhy nchos ) and their domest icate d derivat iv es, leg inv estm ent an d per for mance pe ak e arly in 
o ntogeny, bu t then decline when wings develop. C hu ka r a nd ma l lard juveni les thus r ely on differ ent mech ani sm s for neg ot iat ing 
t heir sur roundings in t he absence of flight spe cia lizat io ns. In co njunctio n wi th wo r k in oth er anim al s, th ese patterns in dicate 
t hat juveniles wit h dev elopin g locomo tor ap pa ratuses ca n achiev e surprisin g ly hig h levels o f loco moto r perfo rmance through 
a variety of com pensa t ory mec h ani sms. 
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Introduction: flight and the avian body 

plan 

Bir ds ar e p erhaps b est kn own for th eir ab ili ty to fly.
Fl apping , powered flight is the most physica l ly demand-
ing fo rm o f loco motio n ( Alexa nder 2002 ), a nd birds
push its limits: hummingbirds (Trochilidae) hover, Bar-
tai le d God wits ( Lim osa l app oni ca ) migrate n o nstop fo r
11 days and 8000 + miles ( USGS ), Bar-headed G ees e
( Anser i nd icus ) cr oss the Him alaya s ( Scott et al. 2015 ),
an d Comm on Murres ( Uri a a alge ) “fly” underwat er t o
depth s ex ce e ding 500 fe et. E xplo i ts lik e these a re possi-
ble because in many ways, the av i an b o d y p lan is built
around flight. 

We have long known that flight-capable ad ul t b irds
have a unique sui te o f anato mical fe atures t hat ar e pr e-
sumab l y ada pta tio ns o r exa pta tio ns fo r flight ( Fig. 1 ).
Th e m os t cons picuous of these f eatures a re wings,
which are made of penn aceou s fe at hers t ha t a ttach
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to the bones of the forelimb (see Hieronymus 2016 )
an d over lap to p rod uce a n a irf o il. In flying b irds,
the structure of th ese feath ers visi b l y var ies along t he
w ing , w it h t he deg re e of fe at h er asymm etry in creas-
ing toward the wingtip such t hat t he rachis (cen-
t ra l shaft) lies pr ogr essi vel y closer to one edge of
t he fe at her. This shif t likely relates to fe at her or ien-
t ation: dist al (pr ima ry) f e at hers a re a rra n g ed more
p erp en dicular ly to on coming a irflow, a nd having a
rac his c lose t o t he fe at her’s le adin g edg e proba b l y
p rovides stab ili ty ( No rberg 1984 ). Asymmetry is also
associ ated w it h fe at her rot atio n abou t the rachis,
which seems to reduce drag ( Alexander 1982 ), de-
lay sta l l ( K laass en van Oors chot et al. 2020 ), and
open the wing like a ven etian blin d dur ing t he up-
strok e. Rega rdless o f i ts posi tio n, the rac his c learly
braces flight fe at hers a gains t the aerodynamic and in-
ert ia l forces associate d with flapping (e .g., Bac hmann
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Fig. 1 Flight and the avian body plan. Flight-capable adult birds are characterized by a suite of anatomical features that presumably are 
adaptations or exaptations for flight. Some of these structures are functionally intuitive, whereas others have no known or demonstrated 
function(s) but are considered aptations based on their presence in flight-capable birds and their absence in flightless birds and extinct 
theropods (lineage giving rise to birds). (A) Stiff, cohesive, and asymmetrical primary feathers presumably provide stability and reduce 
permeability for aerodynamic force production. Fused vertebrae likely stabilize the trunk while transferring wing- or leg-generated forces 
to the body (notarium, B), and/or absorb shock (synsacrum, C). A robust flight apparatus [e.g., keeled sternum (D), long and firmly 
articulated coracoids (E), long scapulae (F), and furcula (G)] permits the attachment and contraction of large, powerful muscles [e.g., 
pectoralis (dashed red line), supracoracoideus], while the triosseal canal (H) (not visible) allows the supracoracoideus muscle to function 
similarly to a pulley and elevate and rotate the wing during upstroke. Reduced and fused elements in the distal limbs, coupled with 
channelized joints (I, J), likely reduce weight and facilitate swift limb oscillation, help coordinate joint movements, and restrict joint motion 
to keep the wing in a planar orientation during downstroke, or the ankle confined to movements in the direction of motion. Unlike adult 
bir ds, de veloping bir ds lack man y of these flight aptations: their wings ar e smaller and/or less aerodynamicall y eff ective, and their skeletons 
ar e mor e gracile and less constrained. Immatur e bir ds ne v ertheless r ecruit their rudimentary wings during a variety of locomotor 
behaviors [italicized text and inset: wing-assisted incline running (top left); wing-assisted jumping (top right); varying degrees of flight 
(bottom)] and achieve flight capacity long before flight aptations are fully acquired. Legend and images of Chukar Partridges from Heers and 
Dial (2012) and Heers et al. (2018, 2021) . Not to scale. 
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t al. 2012 ). Su ppo rt i s al so pro vided b y o verlap
etween fe at h ers an d microscop ic barb ice ls (h ook-
ets) that zip a fe at her toget her and help prevent
ir from passing through ( Mu l ler an d Paton e 1998 ;
e ers et a l. 2011 ; Dia l et a l. 2012 ). Flying birds
hu s h av e stron g, ov erlappin g fe at hers t hat become
ncrea singly a sy mmetric al toward the wingtip and
 rovide stab ili ty a gains t o nco ming airflow while re-
ucin g drag, ex cessiv e defo rmatio n, an d perm eab ili ty
 Alexander 1982 ; Norberg 1984 ; Mu l ler and Patone
998 ; Nudds and Dyke 2010 ; Heers et al. 2011 ; Dial
t al. 2012 ). Th e n et result is a coh esive but morp hab le
 irf oil. 
In addi tio n to th eir distin ctiv e win gs, flyin g birds
ave a spe cia lize d muscu los ke leta l app aratu s. Mu scles
 hat cross t h e e l bow an d wri st joints m ainly fin e-tun e
ing posi tio n and o r ient ation and ar e r e lative ly sma l l

 Dial 1992 ; B iew ener 2011 ). In con trast, m uscles cross-
ng the shou lder j oint power the flight stroke and are
xcept iona l ly large ( ∼12–43% b o dy m a ss in volant
ird s; Hartm an 1961 ). Like cursorial m amm al s, these
uscles are concent rate d near the b o dy wa l l , whic h
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minimizes limb inertia and facilitates rapid osci l lat ion.
Un li k e most a nim al s, how ev er, tw o muscles play a dis-
p ropo rtio na tely im portan t role in bird flight. The pec-
torali s mu scle provides most of the power for down-
st roke. It orig inates on the keel and adjacent areas, in-
serts on the vent ra l surface of the delt opect oral crest
o n the p roxim al humeru s, and beg ins cont ract ing dur-
ing late upstroke to decelerate the wing and then pu l l
i t downward ( Geo r g e and Ber g er 1966 ; Dial 1992 ;
B iew ener 2011 ; Heers et al. 2018 ). The upstroke is
main ly powere d by the su p raco raco ideu s mu sc le . Like
the pe ctora lis, the su p raco raco ideu s i s an ch ored to th e
keel , but inst ead sends a lo ng tendo n t hrough t he bony
tr iosse al canal ne ar t he shoulder to insert on the dor-
s al sur face of t h e de lt opect ora l crest. Conse quently,
wh en th e su p raco raco ideus co ntracts toward the end of
downst roke, it de ce lerates an d th en e levates an d rotates
th e hum erus ( Poore et al. 1997) . Toget her, t hese two
m uscles genera te most of the power r equir ed for flight
a nd a re co nsp icuously lar g e in flyin g birds. 

Th e bon e m ovem en ts tha t result when fligh t m us-
cles contract are quite complex and are car r ied out—
often extrem e l y rapidl y [up t o 50 + cyc les per second
( Gre enewa lt 1960 )]—at spe cia lize d wing j oints. Prox-
ima l ly, th e s h ou lder j oint a l lows birds to swe ep their
wings both above the back and below the belly while
simu ltane o usly ro t ating t hem. This exten siv e ran g e of
m otion is th e cu lminat io n o f a majo r evol u tio nary shift
in the posi tio n and o r ient atio n o f th e s h ou lder j oint,
whic h was post erovent ra l ly oriente d in b asa l therop o ds
(din osaur lin eag e givin g ri se to bird s) and g radua l ly
shift ed t o the dor solat eral or ient atio n o f exta nt vola nt
birds ( Jenkins 1993 ). In contrast, the elbow and wrist
joints have becom e m ore chann e lized in bird s, such th at
th e main m ovem ent is flexio n–extensio n an d oth er joint
m ovem ents are som ew hat restric ted ( Baier et al. 2013 ;
He ers et a l. 2016 ) due to interlocking art icu lar surfaces
a nd liga ments a nd tendons. Cha nnelizatio n o f these
dista l wing j o ints p resumab l y a l lows birds t o ac hieve
a stereotypic flight stroke wi thou t requirin g exten siv e
m uscula ture along the wing (see Vazquez 1992 , 1994 ).
Jo int mo rp ho logy thus p lays a n importa nt role in flap-
ping flight. 

In s h ort, th e av i an b o d y p lan is highl y spe cia lize d
with a unique in tegumen t and exten siv ely modified
muscles and bones, which col le ct i vel y meet the de-
m and s of flight. How do these features develop? 

Onto g enetic origins of avian flight 
Most hat c hling birds cannot fly ( Starck and Ricklefs
1998 ) and have rudimentary, s ome wha t “dinosa ur-like”
an atomies: sm a l l or non-existent wings, sma l l flight
muscles, and les s s pe cia lize d s ke let ons ( Heer s and Dial
2012 ). Q ua litat i vel y, we have long known that as birds
deve lop, th eir wings an d muscles g et lar g er an d th eir
s ke leto ns beco m e m or e r o bus t as they acquire flight ca-
paci ty. Bu t how anato mica l spe cia lizat ions and flight ca-
pacity are acquired d uring o ntogeny varies widely, along
a spe ct rum th at we are ju st beginning to explo re wi th
respect to loco moto r develop ment. 
Towar d one extr eme of the spe ct rum, a lt ricia l birds

hat c h with their e yes clos e d, limite d fe at her ing and lo-
co moto r ab ili ty, a nd a r e entir e ly depen dent on their par-
ents ( Starck and Ricklefs 1998 ; D ucate z and Field 2021 ).
In sp i te o f th ese h e lpless beg innings, a lt ricia l hat c hlings
develop rapidly and usua l ly acquire lar g e win gs and at
least some flight ability by the time they le ave t he nest
around a few weeks of age (though this varies with pre-
da tion ra te; Martin et al. 2018 ). A ltrici al bir ds ther efor e
t ypic a l ly fle dge and beg in flying wh en th eir anatomies
ar e r e lative ly ad ul t-like, wi th spe cia lizat io ns fo r flight. 
In co ntrast, p recocial b ird s h at c h wit h t heir eyes

open and fu l ly covere d in downy fe at her s, able t o wa l k
a nd f orage ( Sta rck a nd Ric klefs 1998 ; Ducat ez and
Field 2021 ). Un li ke a lt ricia l b irds, p re cocia l birds leave
th e n est h our s aft er hat c hin g and lon g before acquir-
ing fligh t ada pta tions an d th e ab ili ty to fly. How do
these fledglings navigate their surroundings? Specifi-
ca l ly, how do anim al s with rudimentary or t ransit iona l
fligh t a ppara tuses locom ote an d surv ive w i thou t the
anatomica l spe cia lizat io ns o f flying ad ul ts? Such ques-
tion s hav e lon g be en deb ate d by p a le ontolog ists but are
e qua l ly relevant to many dev elopin g birds. 
Thi s m anu scri pt explo res how p re cocia l birds ne-

gotiate their surroundings in the absence of conspic-
uous fligh t ada pta tion s, usin g tw o case studies: ga l li-
forms (c hic ken-li ke g r ound bir ds) a nd a nserif orms (wa-
t erfowl , inc l uding d ucks and g eese). Tog et her, t hese two
grou ps fo r m a clade ne ar t he base of modern birds (e.g.,
Prum et al. 2015 ). Bo th gro ups have pre cocia l devel-
opm ent an d re lative ly lar g e legs, and in bo th gro ups,
hat c h lings beg in wa l king a nd f oraging s h ort ly af ter
hat c hing , rely ing on rudimentary anatomies. 
Am ong oth er vert ebrat es, juveniles are often able to

com pensa te for their underdeveloped anatomies and
achie ve high le vels of lo comotor p er for mance ( Her rel
an d Gi bb 2006 ). F or exam ple , in jac krabb i ts the gas-
t rocnemius (ca lf) mu scle h a s a g reater me chanica l ad-
va ntage a nd p ropo rtio nally higher fo rce ou tpu t in ju-
veniles than ad ul ts, and juveniles are able to acceler-
a te more ra pidly ( Car r ier 1983 , 1995 ). Hin d limb bon es
al so h ave p ropo rtio nally higher seco n d m om ents of area
in y oun g jackra bb i ts, which likely co m pensa tes for the
lower minera lizat io n o f growing bo ne in juveniles that
must be able to accelerate rapidly to avoid predat or s
( Car r ier 1983 ). Similar pattern s hav e been observed in
th e leg bon es of deve loping gu l ls ( Car r ier and Leon
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990 ). In guinea pigs ( Tri l lmich et a l. 2003 ) an d som e
iza rds ( Ma rsh 1988 ), y oun g hav e p ropo rtio nally lo ng
ind limbs and p ropo rtio nally higher running speeds
han ad ul ts. Anato mical co mpensatio ns thus play an
m portan t on togenetic role in m any species. Beh avior
robab l y does as wel l, be cause juveni les may t ry harder
 nd perf orm c loser t o m axim al level s ( Ir sc hic k 2000 ). In
 h o rt, co m pensa t ory mec h ani sms are li kely preva lent in
oco moto r develop men t, beca u se m any juveniles mu st
e e d and avoid predat or s early in ontogeny when they
 re ha ndicappe d by sma l l size , naivet e , an d th e immatu-
i ty o f their growing tis s ues ( Williams 1966 ; Was sers ug
nd Sp erry 1977 ; Rick lefs 1979 ; Martin 1995 ; Car r ier
996 ; Sta rck a n d Ricklefs 1998 ; Herre l an d Gi bb 2006 ;
ac kson et al . 2009 ; Ch eng an d Mart in 2012 ; He ers and
ial 2012 ). Do such mech ani sms occur in galliforms
 nd a nserif orms? 

ocomotor development in galliforms: 
arly wing growth 

uch of what is known ab out lo co moto r develop ment
n ga l liforms is b ase d on the exten siv ely studied Chukar
artridge ( Alect o ris chukar ). Lik e ma ny other ga l li-
 orms, chuka rs hatch wi thou t penn aceou s wing fe at h-
rs but begin grow ing w ings very early, w ithin a week
f hat c hing ( Dia l et a l. 2006 ; He ers et a l. 2011 ). How-
v er, their win gs an d oth er a natomical f eatures a re ini-
 ia l ly ver y rudimentar y ( Fig. 1 ). In fact, most anatom-
cal chan g es are completed late in ontogeny ( > 40 days
ost-hat c h), long aft er le aving t h e n est. Young c hukar s
her efor e navigate their environment with less spe cia l-
zed fligh t a ppara tuses for weeks. How do such juveniles
ocom ote an d survive? 
Though wings are often associated with flight, a

rowing b o dy of eviden ce s h ows that pre cocia l juveni les
o not “wait” for their wings to become fligh t-ca pable.
n m any species, imm atur e bir d s u se their wings before
hey can fly, typica l ly to improve leg per for mance. For
xample, durin g win g-a ssi st ed inc line running (herein
WAIR”) ( Di al 2003 ; Di al et al. 2008 ), juveniles flap
h eir deve loping wings to dr ive t h emse lves into a sub-
trate an d in crease foot t ract ion t o ascend st eep in-
lin es. Deve lop ing b ird s m ay al so u se th eir fore limbs
o swim ( Thom a s 1996 ) or increa se swimming spe e d
 Dial a nd Ca r r ier 2012 ), or to incre ase jum p heigh t
nd even make s h ort flights ( Heers and Dial 2015 )
 v ide-os ). Such behav io rs demo nstra te tha t many pre-
ocial b irds—incl uding chu kars—beg in using their
ings and even flying long before they acquire the
igh ly spe cia lize d anato mies o f ad ul ts. 
How do immature birds with dev elopin g flight appa-

atuses cope wi th anato mical limi tatio ns d ur ing t hese
ing-b ase d behavio rs? Wo r k over th e pas t 20 years s ug-
ests that, like many pre cocia l anima ls, chu kars achieve
urprising ly hig h levels o f loco moto r perfo rmance by
om pensa ting for their developing flight apparatuses. 

natomical compensation 

eathers 
-8 day old “baby” c hukar s have sma l l “protowings,”
imilar to some extin ct th erop o d dinosaurs ( Dial et al.
006 ; He ers and Dia l 2012 ) ( Fig. 1 ). It is not unt i l 18–
0 days, in “juvenile” c hukar s, t hat wings re ach ad ul t-
ike p ropo rtio ns. Th ese su bstant ia l chan g es in win g size
 re accompa nied by co nsp icuou s ch an g es in fe at her
tructure: as they emer g e, fe at hers become more un-
ur led, m ore asymm etrical, stiffer, an d m ore coh esive
ue to increasing b arbu le over lap an d h o ok let den-
ity ( Heers et al. 2011 ). Co llecti vel y, these chan g es are
orrel ated w ith im provemen ts in aerodynamic capac-
t y ( Fig . 2 ): 7–8 d ay old c hukar s p rod uce aerodynamic
orces that are ∼8% of their b o dy weight during WAIR,
omp are d t o muc h higher forces produced by adults
 uring WAIR o r flight ( He ers et a l. 2011 ). Youn g er
 hukar s also p rod uce less lift per unit drag (less effi-
ient). Toget her, t hese dat a demonstrate t hat comp are d
i th ad ul ts, y oun g er c hukar s have rudimenta ry a nd less
erody namic a l ly effe ct iv e win gs. 
In sp i te o f th ese han dicaps, by th e tim e th ey start fly-

n g at 18–20 days, juv eni le chu ka rs a re able to pa rtially
om pensa te for their less effe ct ive fe at hers by having
 ropo rtio nally lo ng fe at her s ( Fig. 3; Heer s et al . 2018 ).
ou pled wi t h t heir light b o dies, this re duces wing lo ad-
ng (how much weight wings ne e d to su ppo rt) right at
h e age wh en c hukar s begin t o fly ( Jac kson et al . 2009 ).
n s h o rt, juveniles co m pensa te for their less-effe ct ive
e at hers by growing big wings on little b o dies. 

uscles 
n addi tio n to having less-effe ct ive fe at hers, y oun g
 hukar s have p ropo rtio n ally sm all flight muscles
 Fig. 4 ). In ad ul ts, the pecto ral musc les—whic h in-
lude the pe ctora lis and s upracoracoideus—cons titute
24% of b o dy m a ss ( He ers and Dia l 2015 ). In de-
 elopin g c hukar s, thes e mus cles ar e pr oport iona l ly
uch sma l ler: ∼7% b o dy m a ss in 7–8 day old baby

 hukar s and ∼15% b o dy m a ss in 18–20 day o ld ju venile
 hukar s. 
Musculos ke letal m ode lin g sugg ests that 18–20 day

 ld ju veni le chu ka rs ca n com pensa te fo r this limi tatio n
s wel l ( He ers et a l. 2018 ). Sim ula tio ns o f WAIR indicate
ha t juvenile ch ukars have p ropo rtio nally lo n g er muscle
 om ent arms, or grea ter m us cle le v erag e, than ad ul ts:

or most muscles spanning the shou lder j oint, juveni le
 hukar s have the gr eatest r elativ e lev erag e in elevation–
ep ressio n and p rot ract ion–ret ract ion ( He ers et a l.

https://youtu.be/3USAC-Ky25s
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Fig. 2 Development of aerodynamic capacity in galliforms. (A) Aerodynamic force production and (B) lift-to-drag ratios increase through 
chukar ontogeny as the wings grow larger and feathers become more aerodynamically effectiv e. Dr awings by Robert P etty; gr aphs fr om Heers 
et al. (2011, 2018) . 

Fig. 3 Feather compensation in galliforms. J uv enile chukars partially 
compensate for their less aerodynamically effective feathers ( Fig. 2 ) 
by having proportionally long feathers (although some feathers are 
just emerging: P8, P9, S1, S12, S13, and S14 ar e absent or v ery small 
in babies). Figure modified from Heers et al. (2018) . 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Development of wing musculature in galliforms. When 
normalized by body mass, muscle mass increases through chukar 
ontogen y. These incr eases ar e most extr eme f or m uscles that 
originate on the pectoral girdle and power shoulder movements. 
Figure from Heers et al. (2018).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/63/3/772/7233721 by C

alifornia State U
niversity, Los Angeles user on 21 Septem

ber 2023
2018 ) ( Fig. 5 A). This greater lev erag e likely results from
juv eniles havin g p ropo rtio nally lo n g er and w ider w ing
bones ( Fig. 5 B), which shifts muscles a wa y from the
wing joints and increases their lev erag e. Thus, like a
sma l l chi ld sitt ing on a se es aw far from t he f ulcrum, ju-
veni le chu kars may com pensa te for their sma l l muscles
by increasing muscle lev erag e. 

To what deg re e does having greater muscle lever-
ag e improv e per for mance in juvenile c hukar s? Though
this question cannot be an sw er ed pr ecisely, sim ula tions
ca n aga in provide insight ( He ers et a l. 2018 ). When
WAIR is sim ula ted using in vivo kinematics and aero-
dyna mic f o rce p rod uctio n, act ivat io ns o f the pe ctora lis
and su p raco raco ideu s mu scles are low in a l l a ge clas ses
( < 0.5). Wh en th e sam e be h avior i s sim ula ted in ju-
veni le chu kars using in vivo or adu lt kinemat ics and
ad ul t levels o f aerodyna mic f o rce p rod uctio n ( ∼60%
b o dy weight versus ∼30% for in vivo ), sim ula ted m us-
cle act ivat ion s chan g e slightly but remain low ( Heers
et al. 2018 ). These trends hold even when accounting
for b o dy size and inert ia l propert ies and s ugges t t hat t he
sma l l muscles of juvenile chukars a re effe ct ive enough
t o flap bett er, mo re ad ul t-like win gs. G iv en that win gs
grow fa ster th an mu s cles, de v elopin g mu scles m ay ne e d
to be p re-p rimed to flap lar g er win gs, and this is likely
possible p art ia l ly be cause juveni le chu kars com pensa te
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Fig. 5 Muscle leverage and compensation in galliforms. (A) When standardized by body length, muscle moment arm lengths generally 
increase through chukar ontogeny but show different developmental patterns depending on the direction of motion. Muscle leverage for 
elevation–depression and protraction–retraction tends to peak in juveniles, most likely due to their proportionally long forelimbs and 
deltopectoral crests (B). In contrast, leverage for long axis rotation tends to peak in adults, whose exaggerated muscle attachment sites 
help pull muscles away from the long axis of the humerus (C). Each line represents the relative moment arm length (le verag e) f or one shoulder 
muscle about the z, y, or x axis, during maximal effort wing-assisted incline running (WAIR) in chukars. B = baby; J = juvenile; A = adult. Graphs and 
legend modified from Heers et al. (2018, 2021) . 
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or their sma l l muscles with greater lev erag e ( Heers et al.
018 ). 

ones 
s c hukar s mature and their muscles grow lar g er, the
o nes o f the fligh t a ppara tus sim u ltane ously be come
ar g er wi th mo re co m plex m uscle a ttachmen t sites and
oint surfaces ( Fig. 1 ) ( Heers et al. 2021 ). In addi tio n,
 he f urcula, co raco ids, and st ernum c han g e or ient ation
 Fig. 6 ). In 7–8 day old baby c hukar s, the angle between
he co raco id an d th e sc apul a i s obtu se, an d th e ster-
um is in clin ed a wa y f rom the ver teb ral col umn. These
 eatures a re also present in av i an emb ryos, seco ndarily
ight less birds ( L ivezey 1989 , 2003 , 2008 ), a nd va rious
xtin ct th erop o d s ( Ol so n and Fed uccia 1979 ; Fed uccia
986 ; C hatterj e e and Templin 2003 ). As c hukar s mature ,
he scapuloco raco id a ngle decreases a n d th e sternum
ecom es m ore p ara l le l to th e verteb ral col umn, eventu-
 l ly resu lt ing in a classic ad ul t mo rp ho logy. Bones there-
 ore cha n g e s ubs tant ia l l y in size, comp lexity, and orien-
atio n d uring chukar deve lopm ent ( Heers et al. 2021 ). 
Intuiti vel y, one mig ht expec t these exten siv e chan g es

n s ke letal anat omy t o b e asso ci ated w ith chan g es
n muscle co nfiguratio ns an d possi b l y functions—
 art icu larly for the pe ctora lis and supracoracoideus,
hich hav e origin s o n the pecto ral girdle. How ev er,
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Baby (7-8 days)
Adult (>100 days)

(A) Pectoralis (B) Supracoracoideus
i i

o o

Fig. 6 Different skeletal configurations underlie similar muscle pathways. Despite underlying changes in skeletal morphology, the pectoralis 
(left) and supracoracoideus (right) maintain similar paths (indicated by white lines; o = origin, i = insertion) through chukar ontogeny 
because changes in one bone are offset by changes in others. As the coracoid (see Fig. 1 for bone labels) changes orientation and positions 
the growing sternum more caudally, the furcula and cranial portion of the keel expand and maintain the cranial origins of the 
supracoracoideus and especially the pectoralis. (A) Though the pectoralis has a very broad origin on multiple bones, the bulk of the muscle 
is concentrated cranially in adult birds, and muscle fibers converge near the shoulder joint, resulting in similar paths in babies and adults. 
(B) The supracoracoideus more closely tracks the sternum and coracoid but is constrained by the triosseal canal, causing muscle paths to 
similarly converge near the shoulder joint. White lines show the path of the pectoralis (left; solid = central tendon, dashed = fibers) or the 
supr acor acoideus tendon (right; passes medial to the shoulder joint through the triosseal canal, but shown so that the entire pathway is visible); red or 
purple lines show the approximate outline of the pectoralis muscle. Baby and adult aligned by the vertebral column, showing that (i) the glenoid does 
not change position, (ii) the scapula and furcula have similar orientations despite different coracoid orientations, and (iii) the keel in baby birds is 
functionally equivalent to the interosseous membrane between the sternum and furcula in adults. Figure and legend modified from Heers et al. (2021) . 
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thes e mus cles ma inta in simila r pat hways t hro ugho ut
deve lopm ent ( Fig . 6 ), bec au se ch an g es in o ne bo ne
are offset by chan g es in others. For example, as the
co raco id rotates (decreasing the scapuloco raco id angle)
an d displaces th e growing s ternum pos ter iorly, t he f ur-
c ula rotates slig ht ly in t he o p posite dire ct ion and ex-
p ands vent ra l ly, whi le t he anter io r po rtio n o f th e kee l
expa nds a nd the sterno coraco cl av icul a r membra ne fil ls
in the remaining space that was orig ina l ly occu p ied by
th e kee l. Co llecti vel y, these chan g es expand muscle at-
tac hment sit es and a l low for increa ses in mu scle m a ss
wi thou t al t ering musc le function beca use m uscle pa th-
ways conv er g e ne ar t h e s h ou lder j oint a nd rema in simi-
lar desp i te o ntogen etic s hifts in in div idu a l bones ( He ers
et al. 2021 ). 

Taken toget her, t hese dat a show t hat dev elopin g
c hukar s can p art ia l ly com pensa te for th eir rudim entary
fe at h ers an d muscles and maintain muscle function as
th eir bon es grow an d s hift. 

Kinematic and behavioral compensation 

In addi tio n to co m pensa ting ana tomica l ly, there is a lso
evidence that dev elopin g c hukar s com pensa te kinema t-
ica l ly an d be haviora l ly. Using x-ray videos to quantify
thre e-dimensiona l j oint m ovem ents reve als t hat over-
a l l fla pping kinema tics (m ovem ents) a re simila r across
 

ag es durin g WAIR ( He ers et a l. 2016 ). How ev er, flap-
ping kinematics are not ident ica l , and ont ogenetic dif-
ferences seem to be com pensa tory in a t le ast t hree
ways. 
Fir st, immature c hukar s deploy a greater level of ef-

fort at a given behavior than adu lts. D uring WAIR on
a 65 ◦ in clin e, y oun g er chukars use a greater stroke am-
plitude , whic h sweeps their wings through a greater arc
o f motio n. Dur ing t he down stroke, y oun g er c hukar s
a lso ke ep t heir wr ists m ore exten ded, an d th ereby
maximize their wing surface area ( Heers et al. 2016 ).
Th ese ontogen etic differen ces a re compa rable to a
human sw imming w ith versus w i thou t fins. Ad ul t
c hukar s have lar g e, effe ct iv e win gs that g enerate suf-
ficient f orce f or WAIR without being fu l ly spread
or flapped, just as fins a l low a swimmer to move
rap idly wi th re lative ly little effort. In contrast, y oun g er
c hukar s must flap their sma l ler and/or less aerody-
namica l ly effe ct iv e win gs more vig orou sly, ju st a s a
ba ref oot swimmer must kick more vigorously to keep
pace with a person we ar ing fins. Young c hukar s also
of ten use t h eir wings an d legs co op erati vel y [e.g.,
WAIR ( Di al 2003 ), w ing-a ssi ste d jumping ( He ers and
Dial 2015 )] and com pensa te by recruiting all four
limbs. 
Alt hough t hese behavio ral co m pensa tions im prove

per for mance, t hey do not eliminate per for mance
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Fig. 7 Kinematic compensation in galliforms. In spite of changes in skeletal morphology, flapping kinematics during maximal effort 
wing-assisted incline running are very similar in immature and adult chukars ( Heers et al. 2016 ). (A) Kinematic differences that do exist 
may improve wing performance in baby chukars: 8 (upper arrow) and 10 (lower arrow) day old chukars have a more vertical global stroke 
plane (flapping) angle than older birds, which helps compensate for their draggy wings by orienting drag in a direction that contributes 
substantially to weight support ( Jackson et al. 2009 ; Heers et al. 2011 ). (B) Kinematic differences may also help improve muscle leverage for 
long axis rotation in baby chukars ( Fig. 5 ), whose humeri lack the exaggerated muscle attachment sites of adults (7 out of 10 muscles have 
gr eater lev erage for long axis rotation during in vivo than adult kinematics, compar ed to 4 out of 10 for elevation–depr ession and 3 out of 
10 for protraction–retraction). In juveniles, muscle leverage for long axis rotation during in vivo and adult kinematics is more similar (5 out 
of 10 muscles have greater leverage for long axis rotation during in vivo than adult kinematics, but differences are not as substantial; 4 out 
of 10 are greater for elevation–depression and 5 out of 10 are greater for protraction–retraction). Each bar r epr esents the average moment 
arm of one musc le dur ing in vivo kinematics divided by its average moment arm during adult kinematics; pectoralis and supr acor acoideus are the first 
and second bars, respectively, for each grouping. Figure and legend modified from Heers et al. (2021) ; drawing by Robert Petty. 
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ifferences between immature and ad ul t c hukar s. This
s p art ia l ly be cause y oun g er c hukar s st i l l have more
raggy wings that p rod uce less lift per unit drag ( Fig. 2 )
 Heers et al. 2011 ). How ev er, 7–8 day old baby c hukar s
om pensa te in a second way: in addition to flapping
o re vigo rous ly, th e y als o flap their wings more verti-
a l ly during WAIR, which directs drag more vert ica l ly
n d h e l ps su ppo rt body weight ( Fig. 7 A). The youngest
 hukar s with the mos t dra ggy wings ther efor e compen-
ate for higher levels of drag production by dire ct ing
rag more vert ica l ly to h e l p su ppo rt b o dy weight ( Heers
t al. 2011 ). 
Fina l ly, b aby chu ka rs appea r to use subtle differ-

nces in flapping kinematics to o p timize muscle lever-
ge ( Heers et al. 2021 ). In ad ul t c hukar s, th e hum erus
 a s a defle cte d h ead an d exaggera ted m uscle a ttach-
ent sit es, whic h pu l l muscles a wa y from th e s h oul-
er joint and increase their lev erag e for long axis
otation ( Fig. 5 C). 18-20 day o ld ju veni le chu kars
ave less complex but proport iona l ly lon g er and wider
umeri ( Fig. 5 B), which helps com pensa te for their
impler bon es an d sma l ler muscles by increasing mus-
le lev erag e fo r elevatio n–dep ressio n and p rot ract ion–
et ract ion. Baby chu kars have the sma l lest and sim-
lest hum eri an d thus cann ot com pensa te ana tom-
ca l ly li ke juveni les. Inst ead , baby c hukar s seem t o
om pensa te kinema t ica l ly. Simu lat io ns o f WAIR s h ow
hat when av erag e muscle m om ent ar ms dur ing in
ivo flapping kinematics a re compa red to those dur-
ng ad ul t kin ematics, s h oulder muscles have similar
ev erag e durin g in viv o an d ad ul t kinematics fo r a l l
oint m ovem ents in juveniles and similar lev erag es for
levatio n–dep ressio n and prot ract ion–ret ract ion in b a-
ies ( Fig. 7 B). How ev er, for lon g axis rotation, 70%
f the shoulder muscles in baby c hukar s have greater
ev erag e durin g in vivo than ad ul t kinematics, sug-
 estin g t hat subt le differences in ho w bab y c hukar s
ap their wings improve muscle lev erag e for long axis
otation—possib l y to com pensa te for their less complex
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Fig. 8 Wing growth and performance in anseriforms. (A) In mallards, wing growth is delayed until body growth begins to slow. (B) Delayed 
wing development may permit the growth of higher quality wings: whereas chukars do not achieve peak wing performance until their 
lower quality juvenile feathers are molted and replaced with higher quality adult feathers, at ∼60 days post-hatch, mallards grow 

high-quality feathers and achieve high performance at the same age without molting. Data in (A) from Heers et al., in preparation; (B) modified 
from Dial et al. (2012) ; drawing by Robert Petty. 
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Summary of locomotor development in 

chukars 

In summ ary, imm a ture ch u kars beg in using their wings
and ev en flyin g wh en th ey have rudim en tary fligh t a p-
paratu ses: sm all wings and/or less aerody namic a l ly ef-
fe ct ive fe at hers, sma l l muscles, and less complex bones
with sma l ler m uscle a ttachmen t sites and different ori-
en ta tion s. How ev er, like other precocial juveniles, evi-
dence s ugges ts tha t ch uka rs ca n at least p art ia l ly com-
pens ate for t heir les s s pe cia lize d ana tomy in m u lt iple
ways: 

(1) behaviora l ly, by using their wings and legs co op er-
ati vel y and increasing their level of effort; 

(2) kinemat ica l ly, by flapping such that drag su ppo rts
b o dy weight and mus cle le v erag e is o p t imize d (b aby
c hukar s); 

(3) anatomica l ly, by offsett in g chan g es in t he or ient a-
tio n o f o ne bo ne wi th chan g es in oth ers an d acquir-
ing p ropo rtio nally lo ng fe at h ers an d muscle m o-
ment arms by the time they start to fly (juvenile
c hukar s). 

Yet this is m ere ly on e strategy ado p t ed by c hukar s—
a nd lik ely other ga l lifor ms—t h at grow and u se their
wings early in deve lopm ent. Pre liminary wor k reveals
that ducks take a very different approach. 

Preliminary findings on locomotor 
development in anseriforms: delayed 

wing growth 

In contrast to gallifo rms, d ucks and many other aquatic
bird s h a ve dela y ed win g dev e lopm en t. F or exam ple, pre-
v ious ( Di al a nd Ca r r ier 2012 ; Dia l et a l. 2012 ) and on g o-
ing (Heers et al., in p reparatio n) wo r k s h ows that Mal-
lards ( Anas platy rhy nchos ) an d th eir dom est icate d rel-
atives do not begin growing penn aceou s wing fe at h-
ers unt i l a pproxima te ly on e m o nth o f age ( Fig. 8 A).
This delay may a l low ducks to grow lon g er win gs bet-
t er suit e d for mig rat ion. F or exam ple, evidence s ugges ts
that t rade-offs betwe en t is s ue growt h rate and f unc-
t iona l maturity a re importa nt determina nts of devel-
opment ( Ricklefs 1979 ; Ricklefs et a l. 1994 ). St ructures
used early in ontogeny (early ma tura tion) may have
const raine d g rowth t raj e ctor ies and ret ain re lative ly
juveni le-li ke m orph olog ies into adu ltho o d ( Frazzetta
1975 ), w hereas struc tures used later in ontogeny may
be fre e d to g row rapid ly an d deve lop in ways that are
incom pa tible with early use in juveniles. In m allard s,
th e bon es of th e fore limb ma inta in high, possib l y max-
ima l g rowt h rates t hr ough ontogeny, r esu lt ing in a long
a nd na rrow “endura nce” w ing ( Di al a nd Ca r r ier 2012 ).
Presumab l y, this type of wing could not be grown any
faster and wo uld no t be well suited to the short, ex-
p losi v e flights observ ed in earl y flying ju veni les li ke
c hukar s, whic h have s h orter wings t hat t hey maint ain,
alo ng wi t h t heir power f ul bu t b rief style o f fligh t, in to
ad ul tho o d. Del ayed w ing deve lopm en t migh t also per-
mi t growth o f higher quali ty wing fe at hers because
fe at her growt h begins af ter b o dy gro wth slo ws, which
cou ld a l low for g reater invest ment in wing fe at hers.
C hu kars do not achieve peak wing per for mance un-
t i l their juvenile feathers are molted and replaced with
higher qu alit y adult fe at her s, at ∼60 days post-hat c h
( Heers et al. 2011 ). In contra st, m allard s grow high-
qu alit y fe at h ers an d achieve high per for mance at t he
same age wi thou t mol ting ( Fig. 8 B) ( Dial et al. 2012 ).
Mu lt iple lines of eviden ce th er efor e s ugges t that delayed
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Fig. 9 Leg growth and performance in anseriforms. (A) In mallards, leg investment (e.g., muscle mass) increases rapidly, peaks early in 
ontogeny, and then decreases as the wings (e.g., pectoralis and supracoracoideus muscles) begin to develop. (B) High levels of leg 
inv estment ar e corr elated with high leg perf ormance: ducklings run ra pidl y and, at some stages, outperf orm adults (both absolutel y and 
r elativ ely). Data fr om Dial and Carr ier (2012) and Heer s and Dial (2015) . 
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in g dev e lopm ent a l lows birds to g r ow mor e spe cia l-
zed wings. 
As fligh t-ca p able adu lts, ma l lar ds r e ly on th eir wings
ot only t o migrat e but also to avoid predat or s. Duc k-
ings, of cour se , mu st al so avoid predat or s. G iv en that
a l lards do not use their wings much p rio r to the onset
f wing growt h, t h ey cann ot be using the com pensa tory
ech ani sm s of dev elopin g c hukar s. How then do duc k-

in gs neg oti ate their env ironment? 
Studies s h ow tha t fligh t-inca pa ble ducklin gs inv est
e avily in t heir hind limbs. In ma l l ards ( Di al and
ar r ier 2012 ) and domest icate d ducks (He ers et a l., in
rep arat ion), leg muscle mass increases rapid ly, pea ks
etween 20 and 40 days post-hat c h, an d th en declin es—
oth absol u te ly an d p ropo rtio nally to b o dy m a ss—a s
he wings begin to deve lop an d play an increasingly
 ro minent role in loco motio n ( Fig. 9 A). Similarly, leg
o ne wid t h incre ases rapidly e arly in ontogeny and
 hen plate aus or even declin es s lightly ( Dial an d Car r ier
012 ), indica ting tha t older ducks res orb s ome leg bone
s wel l. D ucklings ther efor e invest heavily, but tem-
orarily, in their hind limbs. 
Thes e high le vels of leg investment are correlated
ith high leg perf orma nce in juvenile ma l lards. Ab-
ol u te runnin g v elo city p eaks b et ween 25 and 45 d ays
ost-hat c h ( Dial a nd Ca r r ier 2012 ), and relative run-
in g v e locity (stan dardized by b o dy length) p eaks even
a rlier ( Heers a nd Dial 2015 ) ( Fig. 9 B). Th us, a t some
g es, ducklin gs can outrun th eir parents. On ce th eir
ing fe at hers beg in g row ing , li ke chu kar s, duc klings
nit ia l ly use their wings to supplem ent th eir legs, but
ainly to increase swimming spe e d ( Dia l and Car r ier
012 ) by “steaming” (using the feet like paddles and the
ings li ke o ars). D ucklings are t herefore reve aling an-
 ther ap proac h t o nav igating the env ironment w ith a
ev elopin g flight apparatus. 
onclusions 
a l lif orms a nd a nserif orms i l lust ra te two differen t
t rateg ies of locomotor deve lopm ent in pre cocia l birds.
 hu ka rs have ea rly win g dev e lopm ent an d use an d
ro w lo wer qu alit y fe at hers rapid ly whi le com pensa t-
ng for their rudimentary flight apparatuses in mu lt i-
le wa ys. Beha viora l ly, dev elopin g c hukar s com pensa te
y re cruit in g their win gs and legs co op erati vel y ( Dial
003 ; Dia l et a l. 2015 ; He ers and Dia l 2015 ) and in-
re asing t h eir leve l o f effo rt ( He ers et a l. 2016 ). 7-8
ay old b aby chu kars a lso com pensa te kinema t ica l ly—
 y using mo vemen ts tha t reorien t drag and o p timize
us cle le v erag e ( Heers et al. 2011 , 2021 )—whereas
lder, inci p ien tly fligh t-ca pa ble juv eni le chu kars com-
ensa te ana tomica l ly wi th p ropo rtio nally lo ng fe at h-
r s and musc le m om ent arms ( He ers et a l. 2018 ). In
ontra st, m allard s grow long w ings w ith higher qu alit y
e at hers ( Dial et al. 2012 ) after b o dy gro wth slo ws and,
n th e m eantim e , compensat e by inv estin g heavily but
emporar ily in t heir legs as ducklings ( Dial a nd Ca r r ier
012 ; He ers et a l., in prep arat ion). Why these different
t rateg ies? 
A growing b o dy of evidence s ugges ts that vulnerable,
ev elopin g v ert ebrat es inves t mos t heavily in anatomi-
a l st ructur es that aid in pr ed ator esc ape ( Martin 1995 ;
ar r ier 1996 ; St arck and Ricklefs 1998 ; Herrel and Gibb
006 ; Dia l et a l. 2015 ; He ers and Dia l 2015 ). D uck-
ings can avoid predat or s by running to water or swim-
ing and emph a size th e hin d limbs in this re lative ly

w o-dimen siona l sett ing. C hu ka rs a n d oth er ga l liforms
f ten use t h eir wings an d legs co op erati vel y to get off
h e groun d an d avoid ter restr i al pred at or s, and em-
h a size the forelimbs and hind limbs more e qua l ly in
arly ont ogeny ( Heer s and Dia l 2015 ). Ga l lifor ms t hat
oost in t re es ta k e this to a n even g reater ext reme,
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inv estin g so heavily in their wings as hat c hlings that ju-
venile pea f owl ( P a vo cris t atus ) ( Heers and Dial 2015 )
an d brus htur keys ( Al ectura l athami ) ( Dial an d Jackson
2011 ) have greater wing per for mance t han ad ul ts. In
s h o rt, b ird s u se a variety of st rateg ies th at emph a size the
wings and legs to differ ent degr ees at different points in
ontogeny, a nd this va riation is likely relat ed t o predat or
avoida nce a nd refuge location ( Heers and Dial 2015 ). 

Though this manuscript has focused on galliforms
a nd a nserif orms, the av i an cl ade s h ows extraordinary
diversity in anato my, loco motio n, develop mental mode,
and hab i tat—an d h ow th ese fact or s influen ce locom o-
to r develop ment is st i l l lar g ely unknow n. Nav igating
th e environm ent with deve lop ing o r rudimentary struc-
tures is a cha l len g e that extends far beyond dev elopin g
b irds: rudimentary o r transi tio nal features lie at the core
o f evol u tio nary theo r y ( Dar win 1859 ; M i vart 1871 ), are
exten siv ely di scu sse d in p a le ontology ( Hei lmann 1926 ;
Ostrom 1974 ; Gunn e ll 2002 ; Shu bin et a l. 2006 ; Fe o
et al. 2015 ; Xu et al. 2017 ), a nd a r e widespr ead in pr eco-
cia l juveni les a nd a nim al s with vest ig ia l st ructures. Yet
t he f unct iona l att ribu tes o f such featur es r emain p o orly
under st o o d. Studyin g y oun g anim al s wit h rudiment ary
p recurso rs to complex structures can therefore provide
insigh t in to m u lt iple fie lds an d a w ide variet y o f o rgan-
ism s, both livin g an d extin ct. Th ough we are just begin-
ning to explore the diversity of locomotor deve lopm ent
in b irds, o ne t hing is cle ar: pre cocia l birds—and juve-
niles in many other animal grou ps—can co m pensa te for
th eir rudim entary, deve lop ing anato mies in a variety of
ways, an d achieve un expe cte d levels o f loco moto r per-
f orma nce. 
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