velocity over the wing (movement of the leading edge of the wing), however this
kinematic velocity may serve as an index of the aerodynamic force. The kinematic
angular velocity (without the induced component) increases with ramp angle as the bird
ascends steeper inclines, but is similar between flight and 90° WAIR. Assuming the
induced velocity is either proportional to the kinematic velocity or a constant this trend
suggests that aerodynamic force increases with increasing ramp angles and converges on

a similar, possibly maximal value, for flight and WAIR at 90°.

In a comparison of the WAIR and horizontal flight strokes, our results yielded
several unexpected patterns of wing movement, supporting elements of both of our
hypotheses. Based on our kinematic assessments, the flight and WAIR strokes function
in similar manners with respect to how they affect the air and work against gravity.
Maintaining this similarity in wingstroke requires an intricate interplay between the
vestibular system reacting to gravity, and the proprioreceptors responding to physical
deformation in the bones, muscles, and tendons of the wings (Warrick et al., 2002). Our
results suggest that by rotating the body axis the animal can execute very different
locomotor behaviors using a stereotypical wingbeat (Fig. 5a). In addition to WAIR and
horizontal flight birds are capable of performing a wide range of flapping locomotor
behaviors (e.g. takeoff, ascending, descending, and landing), each accompanied by its
own specific wing kinematics and body angle orientation (Fig. 5b,c. Jackson,
unpublished data). These results also suggest that a wingbeat evolved and refined for a

non traditional aerodynamic behavior (such as WAIR) can be applied to flight with little
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Figure 2
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Table 1

Average difference between 2-D and 3-D values (degrees)
Maximum Lateral Extension  Start of MDS

Wing Angle 599+0.4 12.7+05
Stroke Angle 6.37 £ 0.3 22.3+1.0

N = 19 Wingbeats
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Figure 4
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Figure 5
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CHAPTER 2:

THE ONTOGENY OF WING KINEMATICS IN DEVELOPING GROUND BIRDS

Introduction:

Before reaching the mature locomotor abilities exhibited by adults, juvenile
animals necessarily pass through a vulnerable period as they develop coordination and
adult dimensions. During this time juveniles experience high mortality from predation,
starvation, as well as the inability to cope with the vagaries of a stochastic environment
(Sullivan, 1989; Moore, 1989; Laurenson et al., 1995; Lassig, 1983; Sumich and Harvey,
1986). These challenges are often magnified by the limited capacities of the developing
locomotor system, placing the juveniles at a performance disadvantage compared to the
adults (Hill, 1950; Carrier, 1996; Herrel and Gibb, 2006). Of the few studies on the
ontogenetic locomotor performance (for a review see Herrel and Gibb, 2006), there
appear to be physiological and behavioral strategies used to ‘level the playing field.'
During development many organisms including fish (Dominici and Blake 1997), lizards
(Garland 1984, Marsh 1988, Toro et al. 2003), as well as several mammals (guinea pigs:
Trillmich et. al, 2003; jackrabbits: Carrier 1983, 1995; humans: ) alter their body
proportions (e.g., moment arms, posture, musculature, etc.) during ontogeny in order to
effectively optimize locomotor capabilities. Although certain locomotor parameters are
strictly size dependent (e.g., top speed, distance, and stamina), juveniles of many species
compensate by modifying their allometric proportions to attain accelerations and sprint
speeds comparable to those of the adults. Other organisms modify their behavior in order

to compensate for reduced juvenile locomotor capabilities (Irshick, 2000; Irshick and

36



Lailvaux, 2006). Flight is one of the most successful locomotor strategies, yet it requires
complex morphological commitments that channel adaptations as well as a steep learning
curve with a narrow margin for error. However, there have only been a few studies on
the ontogeny of vertebrate flight performance (Powers et. al., 1991; Provine, 1984; Dial,
2003; Dial et al., 2006) which focus mostly on morphometrics and physiology. The
complexity of flight kinematics and the misleading characterization of aerial flight as an
“all or nothing” phenomenon have precluded quantitative studies on the developmental
performance of vertebrate flight.

Most flying organisms develop their flight capability within a very narrow
window of time, making the ontogeny of this locomotor behavior difficult to document.
However, birds present a good opportunity for studying the ontogenetic development of
flight because their life history strategies run the gamut of the altricial-precocial spectrum
(Starck and Ricklefs, 1998; Dial, 2003b). The vast majority of birds are highly altricial,
requiring extreme parental care and a long period of developmental growth punctuated by
the rapid onset of locomotor skills. At the other end of the spectrum, highly precocial
birds do not have the luxury of extended parental care or a controlled environment.

These birds must be able to find food and escape predation in their three-dimensional,
terrestrial environment, alone and without the full locomotor capabilities of the adult.
While altricial birds demonstrate a rapid attainment of adult locomotor abilities once they
are ready to leave the nest, precocial birds have a long period of incremental development
where they must effectively transition from a ground dwelling organism to an aerial one.
Several studies have suggested that the selective pressure driving evolutionary change

operates very strongly on the juvenile form (Carrier 1996, Herrel and Gibb 2006) and that
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strategies used by extant species during transitional ontogenetic phases may be similar to
the strategies used by their ancestors across transitional evolutionary phases (Dial, 2003).
Examining how precocial juveniles successfully cope with this transitional period can
give us insight to the evolution of avian flight from a terrestrial, cursorial theropod to
modern flighted birds.

The assumption has long been that developing wings do not have an aerodynamic
or locomotor function (Feduccia, 1996). The recent discovery of wing assisted incline
running (WAIR), documented in both altricial and precocial species (unpublished data)
has demonstrated that incremental stages of incipient wings have useful, locomotor
functions when functioning in concert with the legs (Dial 2003, Bundle and Dial 2003).
Dial et al. (2006) studied the ontogenetic locomotor performance of juvenile chukar
partridges (Alectoris chukar) by measuring ability levels (maximum horizontal flight,
maximum vertical flight, maximum WAIR angles) and presented basic 2D wing
kinematics. They identified several performance landmarks, ages when the birds show a
punctuated advancement in locomotor abilities (Fig. 1). The two most notable are the
attainment of basic wing function and the rudiments of horizontal flight (~ 8 days post-
hatching), and the attainment of vertical and sustained horizontal flight (~ 20 days post-
hatching). Since wings function in a 3-D fluid environment, our goal in this study was to
understand how the 3-D kinematic parameters combine during ontogeny to produce the
timing behind these locomotor performance landmarks. Here we focus on a range of
juvenile locomotor wing use: 1) WAIR, which is employed by juvenile birds to attain
elevated refuges, and its necessary counterpart 2) the controlled flapping descent (CFD),

which provides a means for them to return to the ground (Fig. 1, 2, 3). Juvenile precocial
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ground birds flap their wings from the day they hatch in order to decrease their rate of
descent and the effect is incremental: as the chicks mature and their wings and
musculature develop, they can affect their environment more and more until they achieve
full flight capabilities. We compare the juvenile kinematics of WAIR and CFD with the
data of adults performing WAIR and level flapping flight to explain locomotor

development.

Materials and Methods:

Our model organism for studying WAIR remains the chukar partridge (Alectoris
chukar) a precocial ground bird that is adept at several types of locomotion: (1) running
on the level, (2) flap-running up obstacles, and (3) aerial flight. Eggs were obtained from
a breeder then incubated (Hova-bator, GQF Manufacturing Co.) at 99.5° C for the 23-24
day incubation period. Once hatched the animals were housed in the indoor avian facility
of the University of Montana Flight Lab, and given food and water ad libitum. All
protocols were approved by the University of Montana Institutional Animal Care and Use

Committee (IACUC).

CED Performance:

To track performance the birds (N = 15) were filmed as they descended from an
elevated position, starting the day after they hatched and continuing every other day until
they were capable of forward flapping flight (~20 days old). Runs from 3 individuals
were obtained each day of testing.

The birds were hand held and released from a height of 1.5 meters above the
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ground. Holding and releasing the birds by hand proved the most consistent method to
repeatedly promote a rapid aerial recovery and allow the birds to regain their balance and
perform an effective descent, as well as limiting the amount of forward or lateral motion
created by the birds pushing against the substrate with their legs. The birds landed on a
10 cm thick foam pad that prevented injuries. Birds 1 - 3 days old were released at a
height of 1 meter to assure their safety.

We used two types of free falling bodies as controls for this experiment: (1) a ball
bearing, and (2) a 20-day-old birds (N = 3) whose wings were secured with elastic
bandages to their sides in a natural position. Both controls were dropped from the same
height as the flapping juveniles and were digitized and analyzed using the same protocol.

The runs were filmed using a high speed digital video camera (Fastec inc.
Troubleshooter, 250fps, 1/ 1250 shutter speed). The center of mass (COM) was digitized
by estimating the point halfway between the keel (at the anterior end of the synsacrum)
and the rump (the midline synsacrum between acetabulae) (Earls 2000), using APAS
(Ariel Performance Systems) software. The raw positional data was used to determine
the acceleration coefficient and the velocity was calculated by fitting a quintic spline to
the raw data. The data was then exported to a spreadsheet (Excel, Microsoft corp.) for

analysis.

Data Analysis: The acceleration coefficient was determined by taking the raw
positional data of the COM in the vertical direction, starting with the point where the bird
was fully released, and ending at a point just before the bird touched the ground. The raw

data was fit with a second order polynomial according to the Newtonian equation for a
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falling object:

Yiinal = % A +Vt + Yinitia

where Y is the vertical position, V is the instantaneous vertical velocity, and A is the
acceleration coefficient. It is important to note that this acceleration coefficient is a
simplified estimate of what is occurring: the wings are actually imparting a non-constant
force and thus a non-constant acceleration. Nevertheless this simplification allows for a
useful comparative measure.

Horizontal motion was not taken into account because according to Newtonian
mechanics the vertical and horizontal kinetics are independent, and they have no effect on
each other. Runs in which the bird traveled forwards or backwards relative to the camera

were discarded in order to prevent the effect of parallax caused by using a single camera.

3-D Wing Kinematics of WAIR:

Three juvenile birds were run on a variably pitched runway covered with coarse
sandpaper (36-grit). During the first 14 days we recorded the trials on a small ramp with
the cameras positioned very closely to allow maximum resolution of the small wings.
After 14 days the birds outgrew the first ramp and trials continued on the same ramp used
for adults in order to stimulate full bouts of WAIR with multiple wingbeats. The birds
were filmed at the minimum angle that caused them to recruit their wings (60° for the
first day, 65° for all subsequent days). Filming continued until the birds reached the age

of 60 days and converged on adult performance. We analyzed a total of 192 wingbeats
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from 40 runs of 3 individuals.

Since our goal was to understand the kinematic and aerodynamic function of the
developing wings we attempted to mark the same anatomical landmarks used in the adult
trials (head, rump, shoulder, wrist, tip, 4 primary, secondary, root: see chapter 1).
However, due to the rapid growth and molt of these birds the wings were in a constant
state of flux (Dial et al. 2006), therefore instead of strictly adhering to the same features
used for the adults we attempted to preserve the functional locations of the markers: the
tip describes the most distal anterior projection of the wing, the 4™ primary marker was
placed on the farthest distal posterior projection of the wing, the secondary marker was
located at the junction between the hand-wing and arm-wing, and the root was placed at
the farthest proximal posterior projection of the wing. These locations were marked until
the flight feathers became fully differentiated and we were able to use them as landmarks.
The same filming protocols and analysis described for the adults (chapter 1) and
calculated kinematic parameters following chapter 1 (wingbeat frequency, stroke
amplitude, angle of attack, wing angle, vertebral wing angle, stroke angle, vertebral
stroke angle, body angle, dynamic wing loading, and whole body velocity) were used for
the juveniles. In addition we calculated the hand-wing velocity as the velocity of the
midpoint between the wrist and the tip; the wing length, from shoulder to tip; the actuator
disk loading: the three dimensional area swept out by the leading edge of the wing

divided by the bird's mass; and the Reynolds number calculated by the equation:

_ I‘Wing x Freq

Re =
(Vbody + Vwing )

Where Luing IS the wing length, Freq is the wingbeat frequency, and Vyogy and Vying are

the velocities of the body and the wing, respectively (Norberg 1990).
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3-D Wing Kinematics of CFD:

In order to measure the wing kinematics during controlled flapping descents,
developing birds (N=3) were filmed daily from 5-10 days post-hatching, launching from
a 40cm elevated perch. The birds were placed on the perch and recorded when the
individuals descended to rejoin their siblings below. We chose this 5-10 day time period
because it spans the important ~8 day transition (Dial et al. 2006) when these birds gain
the ability to functionally use their wings but do not yet have the full ability to fly. After
the day ~20 transition, this descending behavior becomes irrelevant because the birds
have attained the ability to fly. Unlike the WAIR studies only two high speed digital
video cameras (Fastec inc. Troubleshooter, 250fps, 1/ 1250 shutter speed) were used
because there was no ramp to obscure the optimal camera placements and during this
time the flight feathers were still mostly underdeveloped (Dial et al., 2006) and thus the
wing-stroke simplified. We marked anatomical landmarks and analyzed the videos in the
same way as described for the WAIR trials.

When placed on platforms higher than 40 cm the juveniles were reluctant to
descend, constraining the height we could film birds locomoting under their own volition.
Even at the youngest ages birds completed the descent in less than three wingbeats (while
many of the older birds descended with a single wingbeat or without using their wings)
and therefore each run includes the body and wing posture at the time of take off, steady
descent, and landing- each of which are very different. Only runs where there were two
complete wingbeats between takeoff and landing were analyzed. During the course of

this experiment we decided to discard the initial wingbeat (Tobalske and Dial, 2000)
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because the body is pitched head downwards at ~-30° and this is not reflective of either

the descending wingbeats or flight.

Dynamic Calibration:

A rigid cardboard cutout shaped with the dimensions of a 1-day-old hatchling’s
wing was used to dynamically calibrate our filming and analysis setup (chapter 1). Our
average error was 6.62%, higher than the 4.10% error for the adult setup because the

wing is much smaller.

Results:

Performance during CFD:

From the day they hatch, juvenile precocial ground birds flap their wings to
descend from heights. If the flapping wings have a negligible effect on the air, we expect
the acceleration coefficient to be 9.81 m s downwards, as illustrated by an object falling
solely under the influence of gravity. A ball bearing falls at 9.86 + 0.01 m s similar to
9.81 m s as predicted. The whole body velocity (Fig. 2c) of a 1-day-old was no different
from a free-falling object, in spite of its flapping wings. In contrast, an 18-day-old bird
began its descent in free-fall, but then modulated its velocity with each wingbeat,
controlling its descent to safely alight on the ground.

The acceleration coefficient of birds 1-5 -days-old is slightly less than 9.81 m s™
(1-day-old: 9.30 + 0.09 m s%; 3-day-old: 9.12 + 0.19 m s’ 5-day-old: 901 + 0.09 m s?),
and this decreases as the birds develop (8-day-old: 7.07 + 0.30 m s%; 18-day-old: 3.73 +

0.17 m s’% Fig. 2b). Birds between the ages of 1- 5 days accelerated at a rate of slightly
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less than gravity. This may be due to drag on the body as well as drag imparted by the
flapping wings. However, as the birds got older the acceleration coefficient decreased: as
they matured the birds produced more upwards acceleration to counteract the pull of
gravity. Older birds showed a higher variance in acceleration coefficient between ages
caused by a behavioral component. At these older ages the birds are capable of
preferentially choosing their optimal rate of descent, and this varied across individuals
and runs. When the 20 day old birds were dropped with their wings bound, they fell at
9.57 +0.02 m s This demonstrates that even the 1-day-old birds flapping their incipient
wings, while probably creating more drag than lift, can slow themselves down more
effectively than an older bird with its wings bound. Once the wings gain the ability to
produce lift, the juveniles can very effectively adjust their downwards acceleration. This
rejects the null hypothesis that incipient wings do not have an aerodynamic function

during a flapping descent.

3-D Kinematics of WAIR and CFD:

Kinematic variables of both WAIR and CFD can be organized into two groups
based on how they change during ontogeny and their pattern of convergence to the adult
state (Fig. 4a,b). Variables in the first category (neuromuscular/behavioral) show rapid
convergence on the adult traits: they start very sloppy but by the time the bird is 8-days
old they operate at the adult level. The kinematics of the juveniles performing WAIR
mimic those of the adults performing WAIR, while the kinematics of the juveniles
descending mimic those of the adults flying. These variables are also characterized by an

initially high individual standard error which is quickly narrowed by day 8 and then

45



slowly continues to be refined until reaching the adult state (Fig. 5a). Wing-beat
frequency, amplitude, wing angle, vertebral wing angle, stroke angle, vertebral stroke
angle, angle of attack, and body angle fall into this category. The second group consists
of variables that change as a function of growth, such as whole body velocity, wing
velocity, wing length, wing loading, actuator disk loading, and Reynolds number. These
variables are contingent upon the animal reaching a certain size and therefore they do not
converge on the adult state until well after flight is attained. The variance within
individuals of these parameters either increase (whole body velocity, wing velocity: Fig.
5b) or remain constant throughout the ontogeny (wing loading, actuator disk loading, and
Reynolds number).

We note three specific developmental stages observed from WAIR performance
trials (Fig. 1a- Dial et al., 2006) and our descending performance trials (Fig. 2). Stage I)
~1-8 days after hatching the juveniles flap their wings both going up and coming down,
but derive little or no performance benefit from them. At this age the wings consist of
little more than the patagium covered with downy feathers. When 1-day-old hatchlings
perform WAIR the flapping is mostly asymmetrical, with the wings touching, resting,
and pushing off the ground. The wings appear to function as crawling appendages
working against the substrate to allow functional quadrupedalism. The bird slides its
belly along the substrate, pulling itself upwards using its legs, and sometimes its wings.
The body angle is inclined into the substrate, reflecting the fact that the bird is dragging
itself up the ramp. The wingbeats may also function for balance during this time. By day
3 the juvenile begins to attain a more adult-like posture: the body does not drag along the

ramp but rather is kept at an angle similar to that of the adults. The juvenile birds begin
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to use symmetrical wingbeats as well as asymmetrical wingbeats. The wings still touch,
balance against, and push off the ramp, however now these are inter-dispersed with
wingbeats that do not touch the ramp (Fig. 1b).

When descending during this stage the birds show little hesitation in launching off
the platform, however, although they are flapping, their wings have little effect. The
birds begin their descent with their body pitched steeply downwards (~-30). The flapping
is erratic and often asymmetrical. Throughout the descent the body rotates until it has a
positive angle. The landings at this age are rough, and the birds often hit their body or
head against the ground- however they quickly recovered and ran to the safety of their
waiting covey.

Stage 1) 8~20 days after hatching the primary feathers have emerged and begun
to grow, concomitant with attaining the first components of vertical and horizontal flight
as well the ability to perform WAIR at angles steeper than 65°. By the start of this stage
the wings begin to have an effect in slowing the bird during descent. This is concomitant
with the emergence of the primary and secondary flight feathers. By this time all of the
WAIR wingbeats are stereotypical, fully symmetrical and very few if any touch the
substrate. When they do, they do not rest, balance, or push against it. During descent the
flapping is also completely symmetrical, and the birds demonstrate proficiency and
comfort in the takeoff, descent, and landing.

Stage I11) ~20+ days after hatching the birds can be said to have attained true
flight, with the ability to fly over 1m vertically and 2m horizontally, as well as to perform
WAIR at 90° inclines or greater (Dial et al., 2006). At this age the descents become

completely controlled and the bird can willfully decide to descend or to engage in
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sustained flight. At this stage the wing is a fully functional miniature version of the adult

wing, with all of the feathers in place and developed.

Discussion:

The most important results from these experiments are: (1) Juvenile precocial
ground birds flap their developing wings from the day they hatch. (2) Flapping is used to
assist the hind limbs in order to attain elevated refuges, and to descend safely from
heights. (3) Juvenile locomotor development can be grouped into three stages based on
their performance during both WAIR and CFD. (4) The wing kinematics of juveniles
employing WAIR and CFD compare to those of the adult respectively performing WAIR
and flying, but are initially awkward and clumsy, with a high variance. (5) Kinematic
variables can be organized into two groups based on developmental patterns, and the
combination of these result in the performance landmarks of aerodynamic use.
Neuromuscular/behaviorally regulated variables are attained by the beginning of stage I,
indicating that ability to control the wings and produce aerodynamic forces is reached
early. However, until growth dependent variables reach threshold levels (stage I11) the
wing cannot produce the appropriate magnitudes of aerodynamic force to sustain flight or

extreme angles of WAIR.

The Ubiquity of Pre-flight Flapping and the Transition to Flight:

From the day they hatch juvenile precocial ground birds utilize their flapping
wings when confronted with a 3-dimensional environment. They use wing assisted

incline running to ascend obstacles and then use a controlled flapping descent to return to

48



the ground. These results are important for two reasons. (1) They demonstrate the
incrementally adaptive use of an incipient wing. (2) They show that modern birds
undergoing a transitional period do not pass through an intermediate gliding stage, but
rather flap their wings from hatching. Although these behaviors are not functional during
the first stage of development, the fact that they occur is indicative of a flapping instinct
or reflex which is engrained from the early embryonic periods (Provine, 1984).

The ontogenetic development of precocial birds is separated into three stages,
which are readily noticeable based on performance data gathered during both WAIR and
CFD. There are two distinct pre-flight juvenile stages followed by a long period of
learning and development to reach full adult flight capabilities, demonstrating that flight
is not an “all or nothing” process. By examining the differences between and within
these stages we can understand how categories of kinematic parameters coalesce during

each stage to give the bird the ability to fly.

Neuromuscular/Behavioral vs. Growth Variables:

We have organized the types of variables into two distinct groups based on the
factors that drive their development. Neuromuscular/behavioral variables are
hypothetically driven by a combination of neural circuitry maturation, muscular
development, and/or practice. The neural mechanisms behind flapping are present before
the bird hatches (Provine, 1984), however it is clear that birds in stage | have not refined
the skills necessary to produce a stereotypical and functional wingbeat. All of these
variables show the same ontogenetic pattern of operating at the adult level by the

beginning of stage II.
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Growth dependent variables show two distinct ontogenetic patterns. Whole body
velocity, hand-wing velocity, and wing length increase throughout development- as
predicted by standard growth curves. The Reynolds number, being a function of velocity
and length, also increases in this pattern. Dynamic wing loading and actuator disk
loading both reveal allometric patterns of change: they begin at very high values and
decrease throughout stage I. At the beginning of stage Il they are at their lowest, after
which they begin to increase slightly until adulthood. Dial et al. (2006) reported a similar
pattern for the static wing loading (which includes the surface area of the tail) from Stage
Il to adulthood. They suggested that a lower wing loading may be helpful in take-offs
and landings at these early ages.

The performance differences between stage | and 11 are correlated with (1) the
attainment of the neuromuscular/behavioral kinematics, and (2) the rapid decrease of
dynamic wing loading and actuator disk loading to values lower than those of the adults.
The performance differences between stage Il and 111 are correlated with an increase in

the flow over the wings resulting from higher body and wing velocities.

Aerodynamic Function:

We have previously shown how the adult wing kinematics combine to produce
useful aerodynamic forces during WAIR (chapter 1), and now we can use those
measurements to infer the aerodynamic capabilities of developing juvenile wings. From
aerodynamic theory the magnitude of the aerodynamic forces produced can be estimated
by the angle of attack and the wing velocity (Norberg 1990). The juveniles attain the

adult angle of attack and the wing velocity at the beginning of stage 1l. However, the
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magnitude of the aerodynamic forces produced is contingent upon attaining enough
absolute air velocity over the wings, therefore although the wingbeat frequency quickly
reaches adult parameters, the absolute velocity is also dependent on the length of the
wing. The direction of the aerodynamic forces produced is based on the stroke angle
relative to the ground (Pennycuick 1975, Norberg 1990, Hedrick 2002). This is attained
at the beginning of stage Il. During stage I all of these variables have a wide variance
and pass through the functional aerodynamic ranges, however any resultant force
produced is not sustained.

The Reynolds number starts very low (~600) for the 1-day old hatchlings and
increases steadily until it reaches the adult state (WAIR: 12,000; flight: 18,000). Since
the wingbeat frequency is attained by the beginning of stage I, the Reynolds number in
juveniles is maintained at such a low level by their low wing velocity and wing length- all
variables which are growth dependent. Although the body velocity has an important
effect on the Reynolds number, it is not significant when comparing juveniles descending
and performing WAIR. While even the youngest juveniles are still operating in the
inertia-dominated flow regime (Vogel, 1994) it is clear that there is a dramatic difference
between the flow regimes acting on the juveniles and the adults. These results suggest
that juvenile wing has the ability to produce aerodynamic functions from an early age,
even if these functions are not as regular, repeated or strong as they have to be to sustain

a bird in flight.

Conclusions:

Even during their pre-flight stages, juvenile precocial ground birds have an
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arsenal of locomotor behaviors that they can use to negotiate their 3-dimensional,
terrestrial environment in an attempt to survive to adulthood. The attainment of flight
occurs as punctuated events, before being refined to the adult capabilities (Dial et al.,
2006). In order to survive this pre-flight age, juveniles negotiate their complex
environment by taking advantage of the incremental abilities conferred by their incipient
wings. WAIR and CFD are utilized not only during the pre-flight stages, but also
throughout the developmental period when the bird is refining and improving its flight
capabilities, and even during adulthood. These behaviors illustrate the incrementally
adaptive uses of the ontogenetically developing wing and may be reflective of functional

transitions during the evolutionary development of avian flight.
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Figure Legends:

Fig. 1a) The maximum incline angles that can be ascended by juveniles of different ages
using wing assisted incline running, from Dial et al. 2006. Juvenile locomotor
performance can be grouped into three stages. Stage 1) the juveniles flap their wings
while performing WAIR but the steepest angles they can accomplish are angles that older
birds can ascend without using their wings. Stage 1) Juveniles attain the rudimentary
elements of horizontal and descending flight, and the angles they can ascend using WAIR
increase. Stage I11) Juveniles can engage in bouts of horizontal and vertical flight as well

as ascend inclines of greater than 90°.

Fig. 1b) During stage | juvenile birds transition from using wing-beats that are
asymmetric and touch the ground to symmetrical flapping that can be employed for
WAIR. At the beginning of stage Il juveniles attain the ability to fly. The drawings of

the birds are scaled by distance from head to rump.

Fig. 2a) Juvenile precocial ground birds flap their wings to descend from heights.

Fig. 2b) The acceleration coefficient of descending juveniles decreases as juveniles

develop. During stage | the flapping has little effect, but starting at stage Il there is a

noticeable decrease in acceleration. For comparison a ball bearing (dotted line) and a

juvenile with bound wings are presented.

Fig. 2c) A 1-day-old bird (black line) flaps asymmetrically while descending and its

56



velocity increases linearly. An 18-day-old bird modulates it’s descending velocity with

symmetrical wing-beats.

Fig. 3) Juvenile precocial ground birds utilize their flapping wings to negotiate their 3-
dimensional, terrestrial environment: complementing the legs while ascending to attain

elevated refuges, and to descend from heights to safely return to the ground.

Fig. 4) Kinematic variables can be organized into two groups based on how they change
during ontogeny. A) Neuromuscular-behavioral variables. During stage | these variables
have a high variability and no pattern. By stage 11 they have reached the adult levels.
When these variables function at the adult level the bird has begun stage 11 and gained the
rudimentary components of flight. B) Growth variables. These variables are dependent
on size and proportions and therefore do not reach the adult levels until after day 60 post-
hatching. Although the dynamic wing loading and actuator disk loading are dependent
on mass and wing length they do not follow this trend. When the growth variables reach
a certain level the bird passes into stage 111 and gains the ability to fly and accomplish

steep angles of WAIR.

Fig. 5a) The average standard error within individuals decreases in neuromuscular-
behavioral variables, demonstrating an increased proficiency. In comparison, several
growth variables (e.g. wing velocity, body velocity) show an increasing standard error,

signifying a behavioral choice to increase or decrease their velocity.
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Figure 3

60



Figure 4A

Neuromuscular-Behavioral

“.%oofﬁ*’ﬁ

g
T’l
| v |

&S &
(89p) SUN
a[Suy aYong

50

]
.

§‘§$§%

#§}

ﬂméﬂﬁ

L | ——

& = =
(zH)

Aduanbai,f 1e2qBUIA

+ O e O i

. —.— .

* - *

* —— S

- i . .
+ —— ——

* i *
- —————— —
. _| - | |
b+ =y S

s g ¥ s

L * . 5 L h’|_ | e | *

o = =1 o o o o < o o
i gl e} ks -+ <+ ] o =3
(39p) SaAW (Bp) S _ @psan
[BUy ONS [BIGIIA J[SUY SUIM [BUY SUIA [RIGIUIIA

L HH O + O
* — *
L J HH *>
. - *>
* i —— _ . i
* L gl b
* - *
* —— i
he i —— i * i
: e $
+ »
SEET TR 3o
L —— | k = 1 L i i
R & 8 8 8 8 = @ e b
(39p) (8ap) San (8op)
a[suy £pog opnypdury oyons Yoeny jo o[suy

60

40

Days After Hatching

60

40

Days After Hatching

€ WAIR [ CFD

Stage | Stage Il Stage Il1 | Adult

61



Figure 4B
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Figure 5
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