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From baby birds to feathered dinosaurs: incipient wings and the evolution of flight 
 
 
 
 
Abstract 
 
 
Reconstructing major evolutionary transformations and the functional capacities of “transitional” 

fossils is an integral component of understanding the diversity of life. Some of the most iconic 

and well-studied transitional fossils are the theropod dinosaurs whose skeletons and protowings 

record the origin and early evolution of bird flight. Yet, in spite of over a century of discussion, 

the functions of protowings during the evolutionary acquisition of flight remain controversial. 

Both aerodynamic (flapping or gliding) and non-aerodynamic (e.g., display) roles have been 

proposed, but few of the form-function relationships assumed by these scenarios have been 

tested. Here, I use an ontogenetic series of bird wings (Chukar partridge, Alectoris chukar) 

revolving on a spinning propeller model to provide the first empirical exploration of how 

changes in wing size, feather morphology, and angular velocity might have affected aerodynamic 

performance in dinosaurs choosing to flap their incipient wings.  My findings suggest that 

protowings might have provided useful aerodynamic function early in the history of theropods, 

with improvements in aerodynamic performance attending the evolution of larger wings, more 

effective feather morphologies, and faster flapping velocities. 
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Reconstructing the function(s) of protowings in theropod dinosaurs is key to 

understanding the origin and evolution of birds and bird flight. Since the discovery of 

Archaeopteryx (the first ‘bird’ (c.f. (1)) in 1861, a number of feathered theropods have been 

described – particularly from China (2, 3). These fossils demonstrate that both feathers and 

wings were present in non-avian dinosaurs, in arrangements that initially differed from those of 

extant flight-capable adult birds and that became more similar to the extant condition throughout 

theropod evolution (2, 4, 5). Interpreting this protowing-to-wing progression is key to 

reconstructing the evolutionary acquisition of bird flight, yet, the function(s) of protowings 

remain enigmatic. Incipient wings of early theropods and wings of extant flight-capable adult 

birds differ substantially in relative size, feather morphology, and presumably in flapping angular 

velocity because adult birds, but not early theropods, have large ossified keels for flight muscle 

attachment (2, 4, 6, 7). It is often assumed that these differences would have precluded early 

winged theropods from producing the aerodynamic forces necessary for powered flight (e.g. (8)). 

However, recent work demonstrates that juvenile birds with small muscles use dinosaur-like 

protowings and skeletons (5, 9) to negotiate three-dimensional environments and reach refugia 

through flapping behaviors like wing-assisted incline running (WAIR) (10, 11) or “steaming” 

across the surface of water (12). Though not yet capable of level flight, these juveniles generate 

useful aerodynamic forces that increase throughout ontogeny and that allow them to flap-run up 

progressively steeper slopes or steam faster and eventually fly (12–14). Feather development in 

ground birds strongly resembles feather evolution in theropod dinosaurs (5, 9, 14) (Fig. 1), 

suggesting that the protowings of extinct theropods might also have been aerodynamically 

useful. To directly test how evolutionary trends in (i) feather morphology, (ii) wing size, and (iii) 
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flapping velocity might have influenced lift and drag production of dinosaur protowings, I 

measured aerodynamic forces generated by an ontogenetic series of dried chukar (Alectoris 

chukar) wings spun on a propeller-force plate apparatus, which imitates the mid-downstroke 

phase of birds flapping at low advance ratios (high flapping velocity and low translational 

velocity, as during WAIR or takeoff). Each wing was spun at a range of Reynolds numbers (Re) 

(flow conditions, proportional to wing size and velocity), to mimic different-sized theropod 

protowings with different feather morphologies flapping at low and high angular velocities.   

Aerodynamic forces were measured for four wing morphologies (8, 10, 20, 49 days post 

hatching (dph)), at Re representing three forelimb bone lengths (10, 14, 22 cm; chosen to 

approximate the range of lengths in early feathered theropods) flapping at low (Ωmin) and high 

(Ωmax) angular velocities. Younger chick wings were used to model more basal theropods, and 

older chick wings were used to model more derived theropods (stages i-iii in Fig. 1; Table S1). 

Potential angular flapping velocities achieved by extinct theropods were phylogenetically 

bracketed (Fig. 2) (15) by assuming that animals could have swung their forelimbs at least as fast 

as extant birds and lizards swing their legs while running (Ωmin), and at most as fast as extant 

birds flap their wings while flying (Ωmax). Minimum and maximum angular velocities were 

estimated using previously published data to establish relationships between limb length and 

angular velocity during maximal running in lizards and birds or during takeoff flight in galliform 

birds, respectively. For each wing at each Re, raw forces measured using the propeller-force 

plate apparatus were converted into coefficients of lift and drag, and then used in a blade element 

equation to calculate resultant forces for dinosaur protowings of different sizes and flapping 

velocities. In calculating resultant forces, theropods were assumed to be translating at 1.5 m/s, to 

mimic WAIR or jumping takeoffs (16, Heers Ch. 3) (materials and methods). 



 4 

Based on these extant ontogenetic models, evolutionary changes in feather structure, 

relative wing size, and flapping velocity would have dramatically influenced aerodynamic 

performance in theropods:  

Feather structure. Feather morphology changes considerably during bird ontogeny and 

theropod evolution. In chukars (14) and other birds (e.g. (17)), developmental changes in feather 

structure that are similar to changes that occurred during theropod evolution (5, 9) are correlated 

with increases in aerodynamic force production and higher lift-to-drag ratios (rs=1 for peak CL 

and peak CL/CD versus age) (14)) (Fig. 3A,B), most likely due to increases in feather asymmetry 

and flexural stiffness, and/or decreases in wing and feather transmissivity.  Asymmetrical 

primary feathers with thick rachises and tightly interlocking barbules may improve performance 

by stabilizing primary feathers against oncoming airflow (18), preventing excessive deformation 

(8), reducing feather permeability (14, 19), and/or influencing three dimensional wing morphing. 

Improved performance cannot be explained by ontogenetic changes in static wing shape (aspect 

ratio, camber), wing size, or flapping velocity. For example, by 49 dph, chukars have grown all 

of their flight feathers (primaries, secondaries, coverts) and differ from adults only with respect 

to feather structure and the relative lengths of the two distal-most primaries (Fig. S1). Given that 

adult wings produce more aerodynamic force and more lift per unit drag than 49 dph wings, even 

when standardized for wing size and velocity, feather structure must play an important role in 

aerodynamic force production. Developmental changes in feather morphology and attending 

improvements in aerodynamic performance thus suggest that comparable morphological changes 

during theropod evolution might have similarly improved aerodynamic performance.  

Flapping velocity. Irrespective of feather morphology, all wings produce more 

aerodynamic force at higher angular velocities (Ωmax; force ∝ velocity2). However, when 



 5 

aerodynamic force is standardized for wing size and flapping velocity (CL, CD), wings tend to 

perform best under in vivo conditions, with the wings of older birds performing better at higher 

tip velocities and the protowings of younger birds performing better at lower tip velocities (tip 

velocity = product of angular velocity and wing length; rs=1 for peak CR and peak CL/CD tip 

velocity within an age class versus age) (Fig. 3C,D). This pattern may suggest that the incipient 

wings of younger birds and more basal theropods are/were tuned to flapping at lower tip 

velocities, and that the wings of older birds and more derived theropods are/were tuned to 

flapping at higher tip velocities – consistent with developmental and evolutionary increases in 

wing length (7) and keel size (5) (presumably associated with increases in flight muscle mass 

and the ability to achieve high flapping velocities). 

Relative wing size. Published estimates of forelimb lengths and body masses for theropod 

dinosaurs (20–25) indicate that relative wing size, and hence the potential to produce useful 

aerodynamic forces, increased during theropod evolution. At running angular velocities (Ωmin), 

aerodynamic forces range from <1% body weight in basal theropods with small wings and 

relatively symmetrical feathers, to ~ 3-12% body weight in more derived theropods with larger 

wings and symmetrical or weakly asymmetrical feathers, to ~ 3-15% body weight in more 

derived theropods with asymmetrical feathers (Fig. 4). At flapping angular velocities (Ωmax), 

aerodynamic forces range from ~ 2-13% body weight in basal maniraptorans, to ~ 34-100+% 

body weight in paravians with symmetrical feathers, to ~ 48-100+% body weight in paravians 

with asymmetrical feathers. Given that immature chukars can flap-run up steep inclines (> 65°), 

jump and flap up to low perches, and slow aerial descents by producing very small aerodynamic 

forces (~ 6% body weight during WAIR (13)), small paravians flapping their wings slowly may 
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have achieved similar behaviors. Paravians capable of flapping more rapidly might have been 

able to generate forces sufficient to support body weight for level flight.  

Although basal maniraptorans such as Caudipteryx and Similicaudipteryx seem to have 

had wings that were too small to generate much aerodynamic force relative to their adult body 

size, this study could not consider extinct juveniles due to a lack of data. Yet, many theropod 

species required several years to reach adult mass (26, 27), and if wings developed early, as in 

many precocial ground birds, then immature individuals might have been able to generate useful 

aerodynamic forces prior to outgrowing their wings as adults. Brush turkeys (28) and peafowl 

(Heers Ch. 3), for example, have relatively larger wings and greater wing performance as 

juveniles. Similarly, the youngest specimen of Similicaudipteryx has proportionally longer 

forelimbs than older specimens (29), congruent with the idea that even relatively large bodied 

theropods might have generated useful aerodynamic forces as juveniles, and congruent with 

recent evidence suggesting that birds have paedomorphic dinosaur skulls (30). 

Collectively, these findings suggest that protowings may have provided useful 

aerodynamic function early in the history of theropods, particularly among small or immature 

individuals. Improvements in aerodynamic performance would have occurred as changes in (i) 

feather structure, (ii) body and wing size, and (iii) flight musculature increased force production 

and lift-to-drag ratios, increased relative wing size, and allowed for higher flapping velocities, 

respectively. Extant juvenile birds demonstrate that incipient wings can function 

aerodynamically, especially when wings are supplemented by legs during behaviors like jumping 

and flapping to elevated surfaces (Heers Ch. 3) and wing-assisted incline running (13, 14). Given 

that developing birds rely on small muscles and dinosaur-like protowings and skeletons (5) to 

bridge the developmental transition from obligately-bipedal juvenile to flight-capable adult, such 
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behaviors may have been similarly important to theropods during the origin of flight. By using a 

protowing-to-wing developmental transition to model the protowing-to-wing evolutionary 

transition among theropod dinosaurs, and aerodynamic theory to account for differences in size 

and flapping velocity, this study provides the first experimental evidence to suggest that 

feathered dinosaurs choosing to flap their incipient wings might have produced useful 

aerodynamic forces, similar in magnitude to those produced by immature birds using their wings 

and legs cooperatively. 
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MATERIALS AND METHODS 

 The purpose of this study was to examine how evolutionary trends in (i) feather 

morphology, (ii) wing size, and (iii) flapping velocity might have influenced lift and drag 

production by dinosaur protowings.  Ontogenetic trajectories in wing size and feather structure 

bear many similarities to evolutionary trajectories observed among theropod dinosaurs (Fig. 1).  

Younger bird wings were thus used to model protowings of more basal theropods, and older bird 

wings were used to model protowings and wings of more derived theropods (Table S1).  

Following the methods of Usherwood and Ellington (2002) (1), I measured aerodynamic forces 

generated by dried wings spinning like a propeller, using variation in angular velocity to spin 

each wing at a range of Reynolds numbers (Re), in order to mimic different-sized theropod 

protowings flapping at low and high angular velocities.   

To estimate lift and drag production by theropod protowings, a 4 x 3 x 2 factorial design 

with two replicates per treatment was implemented.  Aerodynamic forces were measured for four 

wing morphologies (8, 10, 20, 49 days post hatching (dph)) resembling basal to derived theropod 

wings, at Reynolds numbers representing three forelimb bone lengths (10, 14, 22 cm; chosen to 

span the range of lengths in feathered theropods) flapping at low (running; Ωmin) and high 

(flapping; Ωmax) angular velocities. 

Reynolds number (Re) is used to define the flow conditions experienced by an organism 

or object: 

€ 

Re =
ρlv
µ

,          (1) 

where ρ is air density, l is mean wing chord length, v is wing tip velocity, and µ is dynamic 

viscosity.  Wings flapping at identical Re will experience identical flow conditions.  To estimate 

a protowing’s potential capacity for generating aerodynamic forces, I therefore (i) estimated a 
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range of Re that theropod protowings might have experienced while flapping, (ii) used a force 

plate and propeller apparatus to spin similar looking chukar ‘protowings’ at those Re and 

measure coefficients of lift and drag (CL, CD), and finally (iii) used published body mass 

estimates to estimate lift and drag as a percentage of body weight for theropods with protowings.   

(i) Estimating Reynolds numbers to scale for differences in size and wing angular 

velocity.  Since Re is proportional to the product of mean wing chord length and wing tip 

velocity (equation 1), I estimated Re for flapping theropod protowings by estimating their mean 

wing chord lengths (l) and wing tip velocities (vmin, vmax). 

Mean wing chord length (l) 

Theropod-to-chukar scaling factors were used to approximate mean wing chord lengths 

for flapping protowings of extinct theropods.  First, summed “effective” lengths of the humerus, 

radius (ulna if data on radius unavailable), second metacarpal, and phalanges II-1 through II-2 in 

mid-downstroke posture were calculated for each bird wing (8, 10, 20, 49 dph) and for various 

maniraptorans, paravians, and basal avialans (Fig. S4, Table S2).  Effective forelimb lengths in 

theropods ranged from 4 – 33 cm, with most lengths falling close to 10, 14 or 22 cm.  Lengths of 

10, 14 and 22 cm were thus chosen for analysis, to bracket the range of lengths observed in 

fossils.  Though we cannot know the exact posture in which theropods would have held their 

forelimbs (and hence the exact effective lengths), the aim of this project is not to estimate 

aerodynamic performance of specific theropods, but rather to determine how evolutionary 

changes in wing size and feather structure might have generally influenced aerodynamic 

performance.  By examining a range of forelimb lengths at each evolutionary stage, I hoped to 

bracket the true postures that many theropods might have adopted. 
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Second, scaling factors were computed as the ratio of theropod-to-chukar effective bone 

lengths.  Based on theropod-to-chukar bone scaling factors and mean chord lengths of the four 

chukar wings, mean chord lengths (l) were estimated for theropod protowings with each type of 

feather morphology (8, 10, 20, 49 dph and bone length (10, 14, 22 cm), using the equation: 

€ 

Theropod effective bone length
Chukar effective bone length

=
Theropod chord length (l)

Chukar chord length      
(2) 

Minimum and maximum angular and tip velocities 

Potential angular flapping velocities achieved by dinosaurs with protowings can be 

phylogenetically bracketed by assuming that theropod dinosaurs could have swung their 

forelimbs at least as fast as extant birds and lizards swing their legs while running (Ωmin), and at 

most as fast as extant birds flap their wings while flying (Ωmax) (Fig. 2).   

Minimum angular velocities. From previously published data on maximal running speeds 

in birds and lizards (Table S3, Fig. S5), the relationship between limb length and running angular 

velocity for extant lizards and birds was estimated as: 

€ 

log10 (running angular velocity) = −0.60(log10 (leg length)) + 0.60 , where   (3) 

€ 

Running angular velocity (rad/s) =
Leg tip velocity

Leg length
,  and     (4) 

€ 

Leg tip velocity =
Stride length

Swing duration
− running velocity       (5)  

Minimum angular velocities for theropod protowings were estimated using equation 3, by 

substituting theropod wing length for bird / lizard leg length.  These values were then used to 

calculate minimum protowing tip velocities (vmin): 

 

€ 

vmin = Minimum wing tip velocity (m/s) =  (wing length)(running angular velocity), where (6) 

theropod wing lengths were estimated for theropod protowings with each type of feather 

morphology (8, 10, 20, 49 dph) at each bone length (10, 14, 22 cm), using the equation: 
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€ 

Theropod effective bone length
Chukar effective bone length

=
Theropod wing length
Chukar wing length

     (7) 

Maximum angular velocities. From previously published data on flapping angular 

velocities in birds (Table S4, Fig. S6), the relationship between wing length and wing angular 

velocity was estimated as: 

€ 

log10 (flapping angular velocity) = −0.54(log10 (wing length)) +1.45    (8) 

Maximum protowing angular velocities were estimated using equation 8, by substituting 

theropod wing length (equation 7) for bird wing length.  These values were then used to calculate 

maximum protowing tip velocities (vmax): 

 

€ 

vmax = Maximum wing tip velocity (m/s) =  (wing length)(flapping angular velocity)    (9) 

 (ii) Measuring lift and drag using a force plate and propeller apparatus.  Based on the 

mean chord lengths and minimum and maximum wing tip velocities described above, Reynolds 

numbers representing 10, 14 and 22 cm effective bone lengths swinging at low (running) and 

high (flapping) angular velocities were computed (Table S5), for a total of sixteen wing 

morphology – size – angular velocity combinations.  To measure aerodynamic force production 

at running angular velocities, I followed the methods of Usherwood and Ellington (2002) and 

spun each wing on a propeller-force plate apparatus (for full details refer to Heers et al. 2011 

(2)).  Aerodynamic forces generated by the spinning wings were converted into coefficients of 

lift and drag, and these coefficients were used to estimate lift and drag production by theropod 

protowings (see (iii) below).  For flapping angular velocities, coefficients of lift and drag were 

recorded at Reynolds numbers based on in vivo kinematic measurements on chukars (2), under 

the assumption that these coefficients would be representative of wings moving at flapping 

angular velocities regardless of scaling. 
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(iii) Estimating lift and drag as a percentage of body weight for theropods with 

protowings.  Coefficients of lift and drag were used to estimate lift and drag production by 

theropod protowings using a blade element model: 

€ 

Resultant force (N) = .5ρCR (Ωr)2 +VT
2( )

r=0

r=R

∫ cdr , where     (10) 

ρ is air density at Missoula, MT (1.07 kg/m3), CR is the resultant coefficient (CR = (CL
2 + CD

2).5) at 

a 45° angle of attack (in vivo angle of attack at mid downstroke in chukars (2, 3)), R is theropod 

wing length (m), Ω is angular velocity (rad/s), VT is translational velocity (m/s), and c is mean 

chord length (m).  Translational velocities were conservatively set at 1.5 m/s for all theropods.  

During WAIR there is no clear relationship between body size and velocity (K. Dial, personal 

communication), but both juvenile and adult chukars (3) and peafowl (Heers, Ch. 3) – weighing 

between 100 g and 5 kg and ~spanning the range of estimated weights for theropods (Table S1) – 

can flap-run at at least 1.5 m/s.  Birds in this size range move more rapidly when running on 

horizontal surfaces, jumping into the air, or taking off (Fig. S7), and so 1.5 m/s is a conservative 

translational velocity irrespective of behavior.  Flapping velocities (Ω) and translational 

velocities (VT) were also conservatively modeled as perpendicular to one another, and summed to 

obtain the net wing velocity (Vnet
2 = (Ωr)2 + VT

2).  Resultant forces were multiplied by two (to 

account for both wings), then expressed as a percentage of body weight by dividing by published 

estimates of theropod body weights (Table S1). 

 Because propeller models only mimic forces produced at mid-downstroke, each force 

estimate for extinct theropods was standardized by the average resultant force (as a percentage of 

body weight) of two adult chukar wings spinning at flapping angular velocities.  Thus a force of 

100% body weight suggests that a theropod could have fully supported body weight during level 

flight.  A force of ~10% body weight suggests that a theropod could have engaged in wing-
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assisted incline running, since the resultant force produced by 8 day old chukars during WAIR is 

~10% of the force produced by adult chukars during flight. 

 Following standardization, all force estimates for flapping (but not running) angular 

velocities were reduced by 20%, to account for the additional flight musculature that was not 

considered in calculations of body mass, and that would presumably be necessary to oscillate 

wings at high speed.  Forelimb muscle mass varies widely across extant species (Heers Ch. 3), 

but is not necessarily dictated by size.  Chukars (~500 g) and peafowl (Pavo cristatus) (~4-5 kg, 

approaching upper limit of sizes considered here), for example, are both capable of rapid burst 

takeoffs and both have pectoral muscle (pectoralis + supracoracoideus) masses that are 20-21% 

of their body mass (peafowl ~20%, chukars ~21%; Heers Ch. 3).  Galliforms are known for their 

rapid wingbeat frequencies and powerful burst flight, so a theropod with pectoral muscles of 

20% body mass should be capable of high wingbeat frequencies.  Finally, the smallest body sizes 

(100 g with a 14 cm forelimb, 700 g with a 22 cm forelimb) were eliminated from calculations at 

flapping angular velocities because such small animals probably could not have oscillated 14 or 

22 cm forelimbs at such high speeds, given that a chukar with a 12.6 cm forelimb weighs ~ 500 g 

(Table S4, (4)).   
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