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Birds morph their wing shape to accomplish extraordinary manoeuvres'*, which are
governed by avian-specific equations of motion. Solving these equations requires
information about a bird’s aerodynamic and inertial characteristics®. Avian flight
research to date has focused on resolving aerodynamic features, whereas inertial
properties including centre of gravity and moment of inertia are seldom addressed.

Here we use an analytical method to determine the inertial characteristics of 22
species across the full range of elbow and wrist flexion and extension. We find that
wing morphing allows birds to substantially change their roll and yaw inertiabut has a
minimal effect on the position of the centre of gravity. With the addition of inertial
characteristics, we derived a novel metric of pitch agility and estimated the static
pitch stability, revealing that the agility and static margin ranges are reduced as body
mass increases. These results provide quantitative evidence that evolution selects for
bothstable and unstable flight, in contrast to the prevailing narrative that birds are
evolving away from stability®. This comprehensive analysis of avian inertial
characteristics provides the key features required to establish a theoretical model of
avian manoeuvrability.

Thereis currently no theory that provides hypotheses to guide studies
ofavian manoeuvrability. This is not owing to alack of physical under-
standing; manoeuvrability can be broadly defined as a bird’s ability to
change the magnitude and direction of its velocity vector’®. Similar
to comparable uncrewed aerial vehicles, a bird’s flight dynamics and
thus its manoeuvrability are dictated by its governing equations of
motion. For example, aircraft dynamics depend on a minimum of six
equations, three translational and three rotational, that canbe derived
from Newton'’s second law and its rotational counterpart®®:
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Where visvelocity vector and wis the angular velocity vector. These
equations can be combined to solve for aflyer’s acceleration (transla-
tionally: %’ and rotationally: ‘L‘;’), but this requires knowledge of both
the aerodynamically informed external forces (F) and moments (M)
as well as the inertial characteristics, including the mass (m) and
moment of inertia tensor(I). However, avian inertial characteristics
are not currently available with sufficient breadth or resolution.

Therefore, avian flight manoeuvrability is often evaluated experi-
mentally by tracking individuals to measure accelerations during
observed manoeuvres"**. However, tracking data do not provide
a bird’s maximal manoeuvring capabilities or allow extrapolation
to unobserved behaviours. Determining these attributes requires

arobust and general framework for manoeuvrability, equivalent to
the manoeuvrability equations for aircraft®'°, Obtaining generaliz-
able datais further complicated because aerodynamic and inertial
characteristics vary substantially withinand among species, and even
dynamically for an individual bird"™. For example, birds can initiate
manoeuvres by morphing—thatis, changing the orientation and shape
of their wings, body and tail”>%, To progress towards a theoretical
formulation of avian manoeuvrability, there has been a marked and
justifiable focus on resolving the aerodynamic characteristics of a
birdin flight"* . However, studies often overlook the equally essential
inertial properties (Fig. 1a) or use static morphology approximations
for individual species™7 %, Here we fill this gap by investigating the
variable inertial characteristics of flying birds to provide the neces-
sary next step towards establishing a general framework of avian
manoeuvrability.

Another challenge to solving a flying bird’s equations of motion
is how to properly formulate the equations. For example, the equa-
tions can be simplified by defining the origin at the centre of gravity
(Fig.1a), whichis equivalent to the centre of massin a constant gravi-
tational field®. If the centre of gravity moves substantially relative to
thebody, additional termsin the equations are required to properly
capture flight dynamics'™. Physically shifting a bird’s morphology
shifts the centre of gravity, but it is not known how much the centre
of gravity moves as a bird morphs. In addition, the rotational iner-
tia—quantified by the mass moment of inertia tensor (I) about the
origin—is also affected by morphing (Fig.1a, b). This symmetric matrix
describes the body mass distribution, where diagonal elements quan-
tify the distribution relative to the major axes (/,,, roll; /,,, pitch; and

'Department of Aerospace Engineering, University of Michigan, Ann Arbor, MI, USA. 2Department of Zoology, University of British Columbia, Vancouver, British Columbia, Canada.

*e-mail: harveyca@umich.edu

648 | Nature | Vol 603 | 24 March 2022


https://doi.org/10.1038/s41586-022-04477-8
mailto:harveyca@umich.edu

IX)( 0 _IXZ
1=l 01, 0
x ~l, 0 1,

= 2 +2?%dm
bird

I = [x2+Zz%dm
Y Joird

y
X.= — [ xdm
e m bird
1

Zeo= — zdm  — [xz)dm
M Jbirg " Joira

1= o2 4 v2
o= o2+ yam

Head-on view

eo0 ym 0‘.1
o
a

a a
=]
odoint &CG o Primary feather CG oMuscle + bone CG
0.1%- mPeripheral @ Wing CG o Secondary feather CG o Skin + coverts CG
d f 8
:
o
a
= Pigeon o
[=] @ s g?
E 150
S 100 | o
® 50
= 50 100 150 o
Elbow angle (°) 4
[+] Mallard Canada  Himalayan Amherst Silver Western Black
allar goose monal pheasant  pheasant grebe swift
Common American Great Leach’s  Glaucous- Cooper’ Sharp-
” white blue storm winged Pers  shinned
nighthawk pelican heron petrel qull hawk hawk
Barn Northern Merli Peregrine Belted Common Steller’s
> owl flicker eriin falcon  kingfisher raven jay
2 150 ‘
2
A5 _ i 4 A
B S0- L1y L1 [ [
= 50 100 150
Elbow angle (°)
h 107"
102
103
1074
- - - Kirkpatick — (2
o5l e T— / (A)dm
Berg and Rayner wing
—o— Avlnertia ] — / (2 +2%dm
10—6 L wing
L 1 1 J
1072 107" 100 10
Mass (kg)

Fig.1|Inertial properties must be determined to quantify avian
manoeuvrability. a, Abird’s centre of gravity (CG) is the position about which
weightisequally distributed, and the neutral point (NP) is where aerodynamic
forces canbe modelled as point forces and the pitching moment is
independent of angle of attack. The moment of inertia (I) components are
obtained by integrating differential mass elements (dm) over the entire bird.

b, Flight dynamics are affected by adjusting either inertial or aerodynamic
characteristics. c-f, We modelled birds as acomposite of simple geometric
components. Each component’s centre of gravity varies asawing morphs from
anextended (¢, d) toafolded (e, f) configuration. g, Convex hulls showcase the
ROM of the elbow and wrist for 22 species. h, The computed maximum/
was similar to published estimates. n =36 individual specimens; 95%
confidenceintervals visualized by transparent ribbons.

XXwing

1., yaw) and off-diagonal elements quantify distribution within the
three major geometric planes® (only /., is non-zero for symmetric
configurations; Fig. 1a).

We calculated a bird’s centre of gravity and I to evaluate avian
manoeuvrability through the lens of agility and static stability. Agil-
ity encompasses a bird’s ability to perform linear accelerations (axial
agility) and angular accelerations (torsional agility)’, and depends on
both the centre of gravity’ and I. In contrast, static stability refers to the
initial tendency to return towards an equilibrium after a disturbance™.
We quantified static pitch stability with the static margin, whichis the
distance between the centre of gravity and neutral point>'® (Fig. 1a).
If the neutral point is behind the centre of gravity, the static margin
will be positive and thus stable. Often, stability is inversely related to
agility because larger manoeuvring forces and moments are sometimes
necessary to overcome stabilizing forces and moments'™,

To determine howinertial characteristics vary during wing morphing,
we developed ageneral analytical method to quantify any flying bird’s
centre of gravity and I, and used a comparative analysis to investigate
22 species spanning the phylogeny defined by Prumet al.?, except for
Palaeognathae as this clade contains largely flightless birds. First, we
measured geometric and mass properties of cadavers and used motion
tracking on cadaveric wings to extract the range of extension and flex-
ion for the elbow and wrist (Fig. 1g). We limited our study to solely
investigate the role of wing morphing due to elbow and wrist flexion
and extension because previous studies have shown that this range
of motion (ROM) enables a substantial shift in the neutral point**®,
Theinvestigated ROM defines a bird’s physical capability to adjust its
inertial characteristics and includes wing configurations outside of
those probably used in flight. Inaddition, we assumed that the shoulder
was set to allow acomparable wing orientation (see Methods) and that
thetailis furled, but these degrees of freedom have animportantrolein
avian flight control” and warrant future morphing studies. Finally, we
developed anopen-source R package (Avinertia) that modelsbirdsas a
composite structure of simple geometric objects and uses morphologi-
cal data to calculate the centre of gravity and I for any bird using any
wing configuration (Fig. 1c-f, Methods). We validated this methodology
with previous static wing measurements (Fig. 1h, Methods).

Centre of gravity is relatively constant

With our validated results, we first tested the effect of the elbow and
wrist ROM on a bird’s centre of gravity when its wings are held sym-
metrically. We found that the ROM had a minimal effect on the position
ofthe centre of gravity (Fig. 2b, opaque polygons). The maximum shifts
along the x-axis and z-axis (x¢g and z¢g; normalized by the full bird’s
length—the subscript CGrefersto the centre of gravity) were 3% (great
blue heron (Ardea herodias), 2.0 cm) and 2% (barn owl (Tyto alba),
0.7cm), respectively (Fig. 2b). Despite the small magnitude, wrist exten-
sion consistently shifted x¢; forwards (P < 0.002) and the wrist angle
explained ahighamount of variancein the dataleading to a high effect
size, quantified by partial eta-squared (n*)** ?*. We found that par-
tial n” was greater than 0.34 for all species (Fig. 2e). Similarly, elbow
extension tended to shift xz; forwards, butits effect size varied across
species. Both elbow and wrist extension predominately shifted z¢¢
dorsally, but the magnitude and effect size varied. We could not dif-
ferentiate the log-transformed mean x¢ or z¢ position from those
expected if birds were simply scaled by preserving all length scales
(thatis, isometry) (Fig. 2f, Extended Data Table 1).

The small effect of the elbow and wrist on the location of the centre
of gravity led us to question whether this would carry over to shoulder
joint motion as well. To obtain a conservative estimate, we assumed
that wings could rotate about the humeral head by 90° forwards, back-
wards, up and down (Fig. 2b, transparent squares). This revealed that
the maximum Axgg and Azgg shifts were 18% (10.9 cm) for the great
blue heron, approximately sixfold greater than that achieved with
elbow and wrist morphing alone. Such a large shift in the centre of
gravity probably cannot be neglected when formulating the equations
of motion. At the other extreme, the Lady Amherst’s pheasant
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Fig.2|Abird’s centre of gravity is minimally affected by elbow and wrist
flexion and extension. a, Time-calibrated phylogeny for 22 species (mya,
millionyearsago).b, ¢, Theelbow and wrist ROM (opaque polygons, convex
hulls) affect xgg and z¢¢ (over bar indicates normalization by body length)
(b)and yCGwing(over barindicates normalization by maximum halfspan) (c).

b, The centre of gravity rangeis overlaid with the maximum bounds due to 90°
shoulder rotation (transparent polygons), (d) whichincrease with increasing
ratio of wingspanto body length. e, Effect size (partial %) of elbow, wrist, and

(Chrysolophus amherstiae) had a negligible shift of 1% (1.4 cm) with
shoulder joint motion. Across the full range of taxa, we found a sig-
nificant positive relationship between xg; due to shoulder motion and
the ratio of maximum wingspan to body length (Fig. 2d, Extended Data
Table1). This trend suggests that proper modelling of flight dynamics
for birds with wings substantially longer than their body length will
require an estimation of the expected centre of gravity shift to verify
whether afixed centre of gravity is an appropriate assumption.
Although the full bird’s centre of gravity defines its symmetric flight
dynamics, the wing-only parameters can give insight into asymmetric
configurations. We found that the elbow and wrist ROM caused the
centre of gravity of the wing to shift along the y axis (AyCG ,normal-

ized by the maximum half span) by between 10% (black swnft (Cypse-

loides niger)) and 27% (American white pelican (Pelecanus

erythrorhynchos)) (Fig.2c), where the most distal Yeg.. Was28% (west-
wing

ern grebe (Aechmophorus occidentalis)). Additionally, Ay oo Was

wing

positively associated with the arm-to-hand wing ratio (Extended Data
Table 1), such that birds with longer hand wings than arm wings (like
the swift) would have a reduced capacity to shift the wing’s centre of
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gravity. The centre of gravity shift was largely driven by elbow exten-
sion (P< 0.001, partial 7 > 0.51; Fig. 2e) whereas the effect of the wrist
varied across species. These results highlight a well-conserved proxi-
mal location of the wing centre of gravity across species. Contrary to
apreviousstudy”, wedid notfind that the log-transformed mean y Guing

differed from isometric expectations (Fig. 2g, Extended Data
Table1).

Morphing affects lateral inertia

Thecentre of gravity is crucial to formulating the governing equations,
buttheir solution depends onabird’s rotationalinertia. Like the centre
of gravity, we found that a bird’s rotational inertia (log-transformed
mean diagonal components of I) scaled isometrically with body mass
(Fig. 3a, Extended Data Table 1). However, we found that elbow and
wrist extension provided a more than 11-fold /., increase (heron)
and a 3-fold /,, increase (heron and owl) (Fig. 3¢c). This capability was
largely driven by elbow extension (Fig. 3b), which had a significant
effectonboth/,, (P<0.001, partial 7 > 0.23; except for Leach’s storm
petrel (Hydrobates leucorhous)) and I,, (P < 0.009, partial n> > 0.45).
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Theabsolute values of /,,and /,, were minimally affected by joint exten-
sion and the effect size varied substantially across species (Fig. 3b).
We next computed the contribution of each major body part to the
overall rotational inertia for birds with wings at maximum elbow and
wrist extension (Fig. 3d-f). Because the wings were extended along
the y axis, this captures approximately the lowest wing contribution
to/,,but the highest wing contribution to /,,. The percentage contri-
bution of each body part varied substantially across the species, but
as expected the wings were responsible for the majority of /.. These
resultsindicate that elbow and wrist ROM provides substantial inertial
control over the roll and yaw axes (/,, /,,), but less so for the pitch axis
(1,,), although species-specific differences were also apparent in our
results. Incorporating the shoulder joint ROMwould increase the wing’s
contribution to inertial pitch control.

Inertia informs the pitch agility metric

We next tested whether inertial characteristics could be used to esti-
mate a bird’s pitch agility. However, because both inertia and aerody-
namics are fundamental to flight dynamics, we first used aerodynamic
theoryand datafromarigid gull wing'® to obtain an estimate for the neu-
tral point, and thus the static margin for each configuration (Methods
and Supplementary Methods). Using these results, we derived a novel
pitch agility metric that is proportional to the angular acceleration
abouttheyaxis duetoachangeinthe angle of attack (aform of torsional
agility; Fig. 1a, Methods). Note that agility in a stable configuration
indicatesthat the developed acceleration would tend to return the bird
towards an equilibrium position. We found that the pitch agility range
decreases as body massincreases, which was expected because flight
speed and body size scale positively with mass® (Fig. 4a, Extended Data
Table 1). These results are further driven by the static margin whose

Contribution to /,,,

J L
50 100 0
Contribution to Iyy (%)

50
Contribution to /,, (%)

100
(%)
adjust/varies substantially across species. d-f, At the maximum wing
extension, the wing components (bones, feathers, muscle and skin) made the
largest contributionto/,, (d), whereasbody components (head, neck, torso
andtail) had alargerrolein/, (e) and/,, (f). Components are coloured following
thebird schematic.

range also decreases as mass increases (Fig. 4b, Extended Data Table 1).
Incorporating the shoulder joint ROM would broaden the static margin
range because the resultant neutral point shiftis probably larger than
the centre of gravity shift as evidenced by morphing uncrewed aerial
vehicles with shoulder-inspired joints*?,

Evolutionary pressures on stability

Next, we looked for evidence of selective evolutionary pressures on
avian pitch agility and stability. We investigated the static margin spe-
cifically becauseit is both acomponent of the pitch agility metric and
dictates the static stability of a flying bird. We identified the configura-
tions with the maximum and minimum static margin for each indi-
vidual (Extended DataFig.1) and then calculated the mean of each trait
for each species (Fig. 4b). We found that four species were entirely
stable, one species was entirely unstable, and 17 species had the capac-
ity to shift between stable and unstable flight (Fig. 4b, e). Using these
data, we found that an Ornstein Uhlenbeck model was significantly
favoured over a Brownian motion model for both the maximum
(AAICc =-8.24; Extended Data Fig. 2b) and minimum static margin
(AAICc=-5.01; Extended Data Fig. 2c), where AlCc is the Akaike infor-
mation criterion with correction for smaller sample sizes. Further, we
found that the optimal static margin phenotype (0,,,) was stable for
the maximum static margin (26% of the maximum root chord, strength
of selection (a,,) = 0.53, variance (¢) =14.2 x10%), whereas the optimal
phenotype for the minimum static margin was unstable (-15%
of the maximum root chord, a,,= 0.06, 0> =2.7 x107) (Fig. 4b). This
suggests that evolutionary pressures act to maintain birds’ ability to
transition between stable and unstable flight. The strength of selection
(apy) was relatively low, but our results were robust to measurement
errors (Extended Data Figs. 3, 4) and to a preliminary estimation of a
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Fig.4|Evolutionselects for both pitchstability and instability, but modern
birds exhibit highly variable pitch agility and stability characteristics.
a,b, Wederived apitch agility metric, which highlights that heavier birds
arelessagile (@) and have areduced static margin (sm) range (b). Maximum
and minimum values for eachindividual due to elbow and wrist ROM are
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the neutral pointisin front of this position (d). e, The investigated species
exhibited awide variety of static margins and absolute pitch agility. Dot colour
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eachspecies.

neutral point shift due to the tail (Supplementary Methods). Further,
an Ornstein Uhlenbeck model was agood fit for the mean x¢g such that
the phenotypic optimum (6;) was 10% of the body length behind the
humeral head (AAICc =-8.23, a,,= 0.11, 0 = 0.1 x107%; Extended Data
Fig.2a). The stability of this centre of gravity position depends on the
location of the neutral point (Fig. 4c, d).

Although studies have suggested that modern birds may be capable
of stabilized flight"***1¢, it is widely believed that birds have evolved to
be unstable in pitch to enhance manoeuvrability®. Our results offer a
new perspective on the evolution of avian flight: evolutionary pres-
sures may be maintaining the ability to shift between stable and unsta-
ble configurations. Elbow and wrist flexion and extension alone offer
birds the capacity to shift between these pitch stability modes but, if
and when a flying bird does shift between these modes remains to be
seen. As highlighted by Thomas and Taylor®, dynamically switching
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between stable and unstable modes probably requires substantially
different controlalgorithms, and thus switching between these modes
would necessitate acomplex flight control system. Further, our findings
offer insight on how birds perform slow glides with positive tail lift*.
By maintaining the capacity torelocate the wing-body neutral pointin
front of the centre of gravity, birds may achieve an equilibrium—albeit
unstable—flight condition.

Itisimportant to highlight that further work is required toincorpo-
ratetheinter-andintra-specific aerodynamic capabilities, shoulder and
tail ROM, and in vivo configurations to definitively confirm the optimal
phenotype(s) for static pitch stability. We expect that the shoulder
joint will enhance the available pitch control and the ability to shift
between modes owing to anincreased static margin range; the extent
of this enhancement will depend on each species’ shoulder ROM>#28,
Future work is also required to extend this analysis to the roll and yaw
axes to discuss lateral agility and stability, which will need to account
for aerodynamic and inertial coupling®. Finally, 23% of the species in
our study were unable to shift between stable and unstable modes with
the elbow and wrist alone, and thus there are many combinations of
stability characteristics in modern birds.

Conclusions

In summary, our results reveal that elbow and wrist ROM have a small
relative effect on the centre of gravity location and pitch inertia, but
have asubstantial effect on therolland yawinertia. Althoughinter-and
intra-specific variationis apparent, we found that the measured range of
wristand elbow motion alone s sufficient to enable switching between
stable and unstable flight in 17 out of 22 bird species. Further, an evo-
lutionary analysis shows that the phenotypic optimum maximum and
minimum static margin supports the ability to transition between stable
and unstable flight, suggesting the need for acomplex flight control sys-
tem. Collectively, investigating theinertial characteristics of flying birds
throughoutelbow and wrist ROM brings us astep closer to establishing
afundamental theory to quantify and evaluate avian manoeuvrability.
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Methods

Collection of morphological data

We obtained morphological datafor36 adult specimensrepresenting
22 species (Fig. 2a) from frozen cadavers acquired from the Cowan
Tetrapod Collection at the Beaty Biodiversity Museum (University of
British Columbia, Vancouver, Canada). Sample size was a function of
the availability and quality of specimens from the museum as we could
only rely onfully-intact, well-preserved specimens. The cadavers were
inspected to ensure adequate condition and completeness, after which
we measured the full body mass, wingspan, and body length. Next, we
disarticulated the wing at the shoulder joint, taking care to ensure that
eachwing’s skin, propatagial elements, and feathers remained intact.
One wing from each cadaver was used to determine wing ROM and
corresponding wing shape change (see ‘Determination of the elbow
and wrist ROM’). The cadaver was further dissected to obtain length
and mass measurements for the head, neck, torso, wing components,
legs, and tail (refer to Supplementary Methods for details on each meas-
urement). We obtained the centre of gravity coordinates for the torso
(body without head, neck, tail, wings) by manually balancing the torso
and measuring the distance from the clavicle reference point to the
balanced position. Note that because of the preservation of the storm
petrel specimens, we estimated the mass on the basis of humerus bone
length and the torso centre of gravity as being proportional to that
of the gull. Finally, we individually weighed and photographed each
flight feather, enabling geometric parameters to be extracted using
Image] software®°, Refer to the publicly available data for details onall
assumptions used for extracting the morphological measurements.
Note that this study consisted of a single experimental group and thus
randomization and blinding was not necessary.

Determination of the elbow and wrist ROM

To determine the wing ROM and corresponding shape change, we
actuated the cadaver wings throughout the full range of extension
and flexion of the elbow and wrist joints by hand (following methods
established by Baliga et al.", Fig. 1g). We tracked the location of 10
reflective markers each 4 mm in diameter (grey and white points in
Fig.1c-f, refer to Supplementary Methods for details) with automated
3D data capture at 30 frames per second using a 4- or 5-camera track-
ing system (OptiTrack, NaturalPoint). Using tools from NaturalPoint,
eachrecording was calibrated to have less than 0.5 mm overall mean
reprojection error. Joint angles were calculated as the interior angle
defined by three key points: points 1, 2 (vertex) and 3 for the elbow,
and points 2, 3 (vertex) and 4 for the wrist (Supplementary Methods).

Developing Avinertia

We developed an open source R package (Avinertia) to calculate the
centre of gravity and moment of inertia tensor (I) for any flying bird
(Fig. 1a) in RStudio® (version 1.3.1093) running R** (version 4.0.3).
Ahigh-level overview of the code methodology follows in this section.
Further details are provided in the Supplementary Methods, as each
individual component of the avian models required specific procedures
and approximations.

To allow ageneralized approach, we used acommon methodology
from mechanics to estimate the centre of gravity and inertia compo-
nents using simple geometric shapes’. We elected to use as many ele-
ments as possible to allow the best resolution. For each species, we
first modelled the bird’s body without the wings as acomposite of five
components: head, neck, torso, legs and tail. To determine the inertial
properties of the wings, we aligned each wing configuration extracted
from the ROM measurements so that the wrist joint was in line with
theshoulderjointalong the yand zaxes and so that the wrist joint was
aligned with the first secondary feather (S1) along the x axis (extended
wing:Fig.1c, d; folded wing: Fig. 1e, f). Note that this positioning results
in a different shoulder angle between each wing configuration and

wings with extremely low elbow angles and high wrist angles being posi-
tioned at substantially differentincidence angles than the body. Each
wing was then modelled as a composite of twelve components: bones
(humerus, radius, ulna, carpometacarpus/digit, radiale and ulnare),
muscles (brachial, antebrachial and manus groups), skin, coverts, and
tertiary feathers. Inaddition, each primary and secondary feather was
modelled and positioned individually asacomposite structure of five
components: calamus, rachis (cortex exterior and medullar interior),
and distal and proximal vanes. Avinertia permits a variable number
of flight feathers. With our methodology, abird with 10 primaries and
10 secondaries that flies with an extended neck will be represented
by a composite model with 232 individual simple geometric shapes.
In our study, we investigated only symmetric wing configurations for
afull bird and considered the effects of a single wing independently.
We assumed that anisotropic effects such as the air space within the
body would have a minimal impact on the overall centre of gravity*.
To calculate the final inertial characteristics of this composite bird,
each component’s shape, mass, and positioning was informed by its
corresponding morphological measurements. We began by determin-
ing the centre of gravity and I for one of the basic geometric shapes
with respect to an origin and frame of reference that simplified the
formulation of the centre of gravity and Ifor that shape. Next, Avinertia
computed the mass-weighted summation of the centre of gravity of
each object and shifted the origin to the bird reference point, located
at the centre of the spinal cord when cut at the clavicle. The centre of
gravity was then transformed into the full bird frame of reference,
which is defined by Fig. 1c-f. We used the parallel axis theorem and
the appropriate transformation matrices to transformIto be defined
aboutthefinal centre of gravity within the full bird frame of reference.

Validating Avinertia

We validated our methodology by comparing the maximum rotational
inertiaabouttherollaxis forasingle wing (Ixx o’ ,origin at the humeral
head) to data from previous experimental studiés that measured L ing
by cutting an extended wing into strips?** (Fig. 1h). Our 95% confidence
intervals on the exponent of body mass marginally overlapped with
Berg and Rayner’s predictions® but were significantly lower than Kirk-
patrick’s predictions*. However, Kirkpatrick used 10 wing strips while
Berg and Rayner later found that at least 15 strips were necessary to
minimize systematic error®>*, Next, we directly compared results for
the pigeon (Columba livia), the only species in common between the
studies,andfound/,, (><10“) was between1.42and 1.92 kg m?, which
encompasses values from previous studies?*** (1.72 and 1.83 kg m?).

The pigeon wing’s maximum centre of gravity position along the y-axis

(y(‘:c ) was only 3% of the half span more proximal than Berg and
wing

Rayner’s measurement®. We expect minor differences because strip
methods enforce that all wing mass is contained within the x-y plane
while Avinertia accounts for out-of-plane morphology (Fig. 1h).

Agility and stability metrics

We developed a pitch agility metric that estimates the change of the
angular acceleration about the y axis (Ag, known as the time rate of
change of the pitch rate) due to a degree change in the angle of attack

(Aa) as:
-~ 108
Xc/a _ 0.12)2¢
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Where m is the body mass, ¢, is the maximum root chord for the
specimen, S, is the maximum single wing area for the specimen, x.
is the centre of gravity position on the x-axis measured from the
humeral head, and X, , is the quarter chord of the standard mean



chord? (defined inequation (7)). This equation was derived beginning
from the rigid aircraft y axis rotational equation of motion assuming
asymmetric configuration undergoing small disturbances®:

AM=1,Aq )

From this equation, we estimated the change in pitching moment
(AM) with a Taylor series expansion method assuming that the larg-
est effect is due to angle of attack and then non-dimensionalized as
follows™:

oM
AM = 6 - Aa
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Wherepisair density, Vis the freestreamscalar velocity,and C,, and C, are
the coefficients of pitching moment and lift, respectively. Because
the pitching moment slope ( CM) is proportional to static margin'®®,
we estimated each conﬂguratlon sneutral point (indicated by the sub-
script NP) using our previous morphing gull wing-body aerodynamic
results (see Supplementary Methods). This analysis revealed that the
neutral point for awing-body configuration scaled with:

.08
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X.,4isthe quarter chord of the standard mean chord defined as””:
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Where b is the wingspan and, c and x_, are the chord and quarter
chordlocation as afunction of the span position (y), respectively. This
equationwas evaluated numerically for each of the bird wings modelled
with 1,000 segments. In addition, we performed a sensitivity analysis
on the exponent (see Supplementary Methods). With the estimated
neutral point, we calculated the static margin as:

o e (@)O'SC
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Static margin=-

Refer to Supplementary Methods for further details pertaining to
the aerodynamic assumptions.

For the pitch agility metric, weincorporated apreviously established
allometricscaling® of cruise velocity (V°<m° 12). We assumed a constant
air density (p) and constant lift slope( a o )across species to obtain the
final proportional relationship as:
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This result wasthenreturned to equation (4) and rearranged to obtain
the pitch agility metric as seenin equation (3).

Phylogenetic and statistical analyses
All phylogenetically informed analyses were carried out using the
time-calibrated maximum clade credibility tree from Baliga et al.",

which was pruned to the 22 focal taxa in this study. To determine the
linear trends with body mass, we fit first-order phylogenetic general-
ized linear mixed models (PGLMM) to the data using the R package
MCMCglmm?® where the random effects are informed by the phylog-
eny (Extended Data Table 1). Note that the linear trend of the pitch
agility range with body mass remains significant even if the storm
petrels are removed from the data. All PGLMM models had priors
specified withtheinverse Wishart scaling parametersV=1andv=0.02
and used 1.3 x 10’ Markov chain Monte Carlo iterations. As visualized
by Fig. 2f, we cannot definitively exclude the possibility that the lower
95% confidence interval on xg; may be positive which would indicate
that x¢ scales greater than isometric predictions. However, multiple
MCMCgImm runs returned an insignificant result. To determine the
significance and effect of the elbow and wrist on the centre of gravity
andIcomponents, we independently fit first order interactive models
to eachspecimens’datawitha constant scaling on the elbow and wrist
angle. We calculated the effect size of the elbow and wrist using the R
package effectsize?® and independently fit first order interactive mod-
els to each specimens’ data with scaled and mean centred elbow and
wrist angles.

Next, to investigate the phenotypic optimum of the pitch agility and
stability traits,we independently fit both Brownian motionand Ornstein
Uhlenbeck models to the absolute data using the R package geiger®.
We assumed that all species belong to the same regime and thus, fit
single-peak evolutionary models. This analysis revealed that there was
evidence that the Ornstein Uhlenbeck model was a better model fit for
allthree of our selected traits (xe maximum and minimum static mar-
gin) due to a lower Akaike information criterion with correction for
smaller sample sizes (AlICc). Because of the smaller sample size of our
study*°, we ranaMonte Carlo simulation (n = 5,000) with the R package
pmc* to validate that selecting the Ornstein Uhlenbeck model over
the Brownian motion model was appropriate (Extended Data Fig. 2).
This method returns a distribution of likelihood ratios (twice the dif-
ference of the maximum loglikelihood for each model) when the traits
have been simulated n times under each model. These distributions
arethen comparedtothe observed likelihood ratio (black dashed ver-
ticallinesin Extended DataFig. 2). For details, refer to Boettiger et al.*’.
We found that the likelihood ratio predicted by a Brownian motion
model was more extreme than the observed ratio for the minority of
simulations (x¢5:0.2%, maximum static margin: 0.1%, minimum static
margin: 1%). Further we had sufficient power to differentiate the two
models as the majority of the simulations under the Ornstein Uhlenbeck
modelfell outside of 95th percentile of the Brownian motion distribu-
tion (x¢g:73.8%, maximum static margin: 77.2%, minimum static mar-
gin: 67.2%). 95% confidence intervals were constructed for each
reported metric of each trait (Extended Data Table 2). Together these
results provide confidence that the observed likelihood ratio of each
trait is more likely to occur under an Ornstein Uhlenbeck model than
aBrownian motion model.

Sensitivity analysis

Because both the pitch agility and stability metrics directly depend on
Xcg, We investigated the sensitivity caused by shifting the combined
torso and tail centre of gravity forwards and backwards by up to 15%
of the torso. Note that for some species there was a physical limit to
the ability torelocate the centre of gravity while maintaining the known
morphological properties and if the shifted distance was larger than
4 cm we removed it from the analysis as that was assumed to be an
overestimate. The final estimated shift of the relative maximum and
minimum static marginis shownin Extended DataFig. 4. This sensitiv-
ity analysis revealed a minor effect on the parameters.

Finally, we wanted to investigate the potential effect of errorin our
measured centre of gravity metric on our key evolutionary results.
To this end, we used a custom bootstrapping code (n=5,000) and
randomly sampled (with replacements) from each specimen’s centre
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of gravity error range used for the sensitivity analysis to recalculate
the mean value of the minimum and maximum static margin for
each species. With each of these new trait distributions, we re-fit
an Ornstein Uhlenbeck model and extracted the optimal pheno-
type (Extended Data Fig. 3). We found that even allowing for this
substantial centre of gravity error, all minimum static margin cases
had an unstable optimum and all maximum static margin cases had
astable optimum (Extended Data Fig. 3). Note that this analysis is
equivalent to both accounting for the same magnitude shift in the
neutral point with a fixed centre of gravity as well as accounting for
possible inter-specific variation within the error bounds shown in
Extended Data Fig. 4.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All data used in this study have been deposited in public repositories
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was +15% of the torso length (up toa maximum of 4 cm) and recalculated the



Extended Data Table 1| MCMCglmm outputs for all

phylogenetic generalized linear mixed models (PGLMM)

Depondont ariable _ "eerercert  Sope ¥k palu
log(—x¢¢) log(body mass) -0.007,0.174 0.062
109(Z¢g * ) log(body mass) -0.06, 0.19 0.314

Arg ﬁ:gfﬁf:tg’ 0.02,0.09 0.002
109(Yc6 ing) log(body mass) -0.01,0.07 0.166
AYe6ing arm to hand ratio 0.05,0.24 0.016
Axce arm to hand ratio -0.09, 0.09 0.952

AZge arm to hand ratio -0.08, 0.11 0.954
109(7x) log(body mass) 1.51,1.83 <0.001
log(1yy) log(body mass) 1.46,1.77 <0.001
10g(/,,) log(body mass) 1.50,1.76 <0.001
109(Lxx yying) log(body mass) 1.37,1.81 <0.001
pitch agility range body mass -3.50, -0.35 0.018
static margin range body mass -0.15, -0.02 0.010

Note that all log transforms use the natural base to compare to isometric predictions. Further,
the first two models required the inputs to be positive and thus we used the negative of the
Xg and defined zgg* to be the z position relative to the dorsal origin defined by Fig. 1c. All
models involved two-sided tests of their respective hypotheses and p-values are presented
without controlling for multiple comparisons.
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Extended Data Table 2 | 95% confidence intervals on the
Ornstein Uhlenbeck metrics reported for each investigated

trait
i Phenotypic optimum Selection Variance
Trait ©) strength (02)x103
(a)
o —11.1%, —9.3% (of length)  0.016,2.718  0.02,3.77
max. S1alic 55 2%, 30.4% (of ¢y, ) 0017,2718  0.41,81.39
margin
min. S@le 51 0%, ~9.6% (of c;, ) 0.013,2.718  0.60, 132.86

margin
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

X

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

XX X XD

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Data collection for the wing range of motion data used Optitrack Motive (Version 2.3.0, https://optitrack.com/support/downloads/
motive.html). Data collection for computing inertial properties was completed using a custom R package (Avinertia, Version 0.0.1) that has
been released on CRAN (https://cran.r-project.org/web/packages/Avinertia/index.html). All relevant files can be accessed publicly at this time
from the Github repository: https://github.com/charvey23/Avinertia.

Data analysis All data analysis was completed within RStudio (Version 1.3.1093) running R (Version 4.0.3). Feather measurements were extracted using
Image) (version 2.0.0-rc-43/1.52n).

The analysis functions can be accessed through the figshare repository (https://doi.org/10.6084/m?9.figshare.c.5503989) and the following
Github repository: https://github.com/charvey23/Avinertia/tree/master/AnalysisFunctions.

Avinertia has been publicly released on GitHub (https://github.com/charvey23/Avinertia) and as a CRAN package (https://cran.r-project.org/
package=AvInertia).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data reported and used in this paper have been deposited in public repositories identified within: https://doi.org/10.6084/m9.figshare.c.5503989. Relevant files
are located within: "Data output files: Birds can transition between stable and unstable states via wing morphing" and "Data input files: Birds can transition between
stable and unstable states via wing morphing".
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description In this study we used morphological measurements from specimens combined with wing range of motion data to calculate the
inertial properties of a bird throughout wing morphing. We obtained morphological data for 36 adult specimens representing 22
species (Fig. 2a) from frozen cadavers acquired from the Cowan Tetrapod Collection at the Beaty Biodiversity Museum (University of
British Columbia, Vancouver, Canada).

Research sample We obtained morphological data for 36 adult specimens representing 22 species from frozen cadavers acquired from the Cowan
Tetrapod Collection at the Beaty Biodiversity Museum (University of British Columbia, Vancouver, Canada). Sample size was a
function of the availability and quality of specimens from the Beaty Biodiversity Museum as we could only rely on fully-intact, well-
preserved specimens. We attempted to acquire multiple specimens of the same species when possible. We selected species to span
the phylogeny defined by Prum et al. except for Palaeognathae as this clade contains largely flightless birds. In all we had specimens
from the following species:

Accipiter cooperii x1 - adult male

Accipiter striatus x1 - adult male
Aechmophorus occidentalis x2- adult unknown
Anas platyrhynchos x2 - adult male

Ardea herodias x2- adult unknown

Branta canadensis x1- adult unknown
Chordeiles minor x2- adult unknown
Chrysolophus amherstiae x1 - adult male
Colaptes auratus x2 - adult male

Columba livia x3- adult unknown

Corvus corax x1- adult unknown
Cyanocitta stelleri x2- adult unknown
Cypseloides niger x1- adult unknown

Falco columbarius x3 - adult male

Falco peregrinus x1 - adult unknown

Larus glaucescens x1 - adult unknown
Lophophorus impejanus x1 - adult male
Lophura nycthemera x1 - adult male
Megaceryle alcyon x3 - adult male
Hydrobates leucorhous x2 - adult unknown
Pelecanus erythrorhynchos x1 - adult unknown
Tyto alba x2 - adult male

The cadavers were inspected to ensure adequate condition and completeness, after which we measured the full body mass,
wingspan, and body length. Next, we disarticulated the wing at the shoulder joint, taking care to ensure that each wing’s skin,
propatagial elements, and feathers remained intact. One wing from each cadaver was used to determine wing range of motion
(ROM) and corresponding wing shape change. The cadaver was further dissected to obtain length and mass measurements for the
head, neck, torso, wing components, legs, and tail (refer to Supplementary Information for details on each measurement).

To determine the wing ROM and corresponding shape change, we actuated the cadaver wings throughout the full range of extension
and flexion of the elbow and wrist joints by hand.

Sampling strategy Sample size was a function of the availability and quality of specimens from the Beaty Biodiversity Museum as we could only rely on
fully-intact, well-preserved specimens. We attempted to acquire multiple specimens of the same species when possible. Further
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details are contained within relevant sections of the manuscript are methods sections "Phylogenetic and statistical analyses" and
"Sensitivity analysis".

Data collection All required morphological measurements and wing range of motion videos were obtained by V.B. Baliga and J.C.M. Wong.
Morphological measurements obtained manually on each specimen were recorded in Microsoft Excel 2021. Wing ROM was obtained
using four to five cameras and Optitrack Motive (Version 2.3.0, https://optitrack.com/support/downloads/motive.html). Additional
details are contained within relevant sections of the manuscript are methods sections "Collection of morphological data " and
"Determination of the elbow and wrist range of motion".

Timing and spatial scale All morphological measurements were obtained between March 2020 and March 2021. There was approximately a 5 month delay in
data collection due to COVID-19 from April 2020-September 2020. Timing was a function of the date that the specimen was acquired
from the museum and the lab schedule dictated by COVID-19 protocols. Frozen specimens were fully thawed before measurements
were collected and all cadavers were subsequently disposed of due to the destructive nature of the measurements. All wing range of
motion measurements took approximately 20 min.

Data exclusions No data was excluded from this study.

Reproducibility For multiple species (11/22) we acquired more than one specimen which allowed us to calculate and display the results for each
individual. Refer to “Research Sample” section above for the number of replicates per species. All replicates were included within the
analysis and are included within data figures. We observed minor variation between results of a species attributable to expected
individual specific variation.

Randomization This study consisted of a single experimental group and thus randomization was not necessary.

Blinding This study consisted of a single experimental group and thus blinding was not necessary.

Did the study involve field work? |:| Yes No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

XXX L] XXX
OooxXxood

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals This study did not involve laboratory animals.

Wild animals We obtained morphological data for 36 adult specimens representing 22 species from frozen cadavers acquired from the Cowan
Tetrapod Collection at the Beaty Biodiversity Museum (University of British Columbia, Vancouver, Canada).

Field-collected samples  This study did not involve samples collected from the field. All of the specimen used were cadavers obtained from the muesum.

Ethics oversight No ethical approval or guidance was required for this work. Museum acquired these cadavers following the necessary guidelines and
with a wildlife act permit (SU16-236177). Cadavers were used for wing ROM study and morphological measurements and
subsequently disposed following appropriate biological waste requirements.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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