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The physical principles that govern the function of biological structures also
mediate their evolution, but the evolutionary drivers of morphological traits
within complex structures can be difficult to predict. Here, we use morpho-
logical traits measured from 1096 3-dimensional bird wing scans from 178
species to test the interaction of two frameworks for relating morphology to
evolution. We examine whether the evolutionary rate (¢ and mode is domi-
nated by the modular organization of the wing into handwing and armwing
regions, and/or the relationship between trait morphology and functional
output (i.e. mechanical sensitivity, driven here by flapping flight aero-
dynamics). Our results support discretization of the armwing and handwing as
morphological modules, but morphological disparity and ¢ varied con-
tinuously with the mechanical sensitivity gradient and were not modular. Thus,
mechanical sensitivity should be considered an independent and fundamental

driver of evolutionary dynamics in biomechanical traits, distinct from mor-
phological modularity.

Form—function relationships are one of the pillars of biodiversity.
Morphological features have diverged in size and shape among linea-
ges and impart different abilities to interact with the environment and
compete for finite resources'™. The evolution of individual morpho-
logical traits is not always directly and solely linked to their bio-
mechanical function, though. Individual traits within a biomechanical
system can contribute in varying degrees to the functional output of
the whole. Traits working together to perform some function are the
hallmark of morphological integration®°. “Function” in this context
can refer to the physical output of force to accomplish a variety of
tasks including (but not limited to) feeding, locomotion, sexual dis-
play, or competition, as well as a variety of other behavioral and
potentially physiological attributes.

Modularity exists when function differs between clusters of inte-
grated traits’°. The degree of integration among these coevolving
traits and their organization into mosaics of semi-independent mod-
ules are mediated by their shared development and by the magnitude

of their impact on functional output®*", Locomotor modules™ are a
subset of functional modularity wherein regionalization of bio-
mechanical function (i.e., running vs. flying) leads to the development
of morphological (and potentially physiological) traits specific to those
tasks. As natural selection acts to shape the functional output of bio-
mechanical systems, each of the individual traits may experience
selective pressure commensurate with their relative contribution to
the output of the system'>">15, Therefore, in a biomechanical context,
the strength of the relationships between morphological traits and
their mechanical function (termed mechanical sensitivity) may be an
important driver of their evolutionary dynamics (i.e. tempo and
mode’* ),

The first description of the relationship between mechanical
sensitivity and evolutionary dynamics focused on four-bar linkage
systems'®, particularly in the jaws of teleost fish'”?° and the raptorial
appendages of mantis shrimp?. Here, each link can be thought of as a
discrete morphological module. The modules with the greatest impact
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on the transmission of force or motion in a four-bar linkage system also
have the greatest mechanical sensitivity'®, which correlates with a shift
in evolutionary mode (from Brownian motion toward Ornstein-
Uhlenbeck) and to a higher evolutionary tempo''®. However, despite
finding a similar coupling of mechanical sensitivity and evolutionary
dynamics in the four-bar linkage systems in two disparate taxa, the
generalizability of these results remains hampered by a lack of com-
parable studies of other morphological traits in biomechanical sys-
tems beyond the four-bar linkage". As such, studying morphological
modularity and evolution in systems with different biophysical inter-
actions, such as the fluid-structure interactions in flight or swimming,
can fill some of the missing picture of the patterns and processes that
shape the evolution of complex biological structures. We investigated
how the evolutionary dynamics of wing shape in birds have responded
to the interplay between the mechanics of aerodynamic force pro-
duction in flight and morphological modularity within the wing.

Birds are diverse in their ecology and behavior, which manifests as
differences in their flight style, morphology (see Fig. 1a), and perfor-
mance. Bird wings must produce lift to support body weight during
flight and asymmetrical forces for maneuvering. They must function at
cruising speed, at low airspeeds during landing and maneuvering
flight, and during supra-normal efforts for pursuit or escape flight.
Furthermore, bird wings may experience trade-offs and constraints
imposed by their structure and evolutionary development.

The geometry of a wing influences how it interacts with the air,
and thus the lift and drag forces that it generates*. Consequently, wing
shape in birds is related to flight and migration behavior”2® and
numerous other aspects of avian biology”3. Much work has been
done describing how planform wing shape (2-dimensional shape in the
wing span vs. chord dimensions) is related to avian aerodynamics® .
However, wings are not two-dimensional structures. Three-
dimensional (3D) shape attributes such as wing camber (the upward
curvature of the wing’s surface, see Fig. 1) contribute to aerodynamic
forces produced by the wing?****, and the distribution of mass along
the wing span impacts the cost of flapping*? and maneuverability***.
Because 3D attributes of the wing are tied to its function, they are also
potentially evolutionarily labile and tunable features, worthy of con-
sideration in the story of avian wing evolution®**. Bird wings are also
not static structures. The shape -both 2D and 3D- changes throughout
the wingbeat cycle and is modified by birds, termed wing morphing, to
accomplish various flight tasks** 2,

Though the wing feathers create a generally contiguous wing
surface, the avian wing is composed of multiple anatomical subunits®.
The most obvious of these are associated with the major skeletal
regions of the forelimb (Fig. 1b). The portion of the wing associated
with the radius and ulna (and to a lesser degree, the humerus) is the
armwing (AW), and includes the bony elements, muscles, tendons, and
the secondary and tertial portions of the feathered wing surface®’. The
AW also supports the propatagium on its leading edge. The handwing
(HW) is comprised by the bones of the wrist and hand as well as the
primary portion of the feathered wing surface, but with minimal con-
tribution from muscles and tendons>. The two wing regions (HW and
AW) may be under differential selective pressures, or subject to dif-
ferent selective or developmental tradeoffs and constraints leading to
regionalization of biomechanical function **“!* leading to evolu-
tionary or morphological modularity within the wing>*, For these
reasons, we hypothesized that morphological modularity exists in the
wing, dividing it into discrete armwing and handwing modules.

Wing moment of inertia for bending or rotation about the
shoulder and aerodynamic forces from flapping flight both vary as
functions of the distance from the base of the wing toward the tip. If
wings are uniform in chord length and density along their span,
aerodynamic forces and inertial moment increase as the square of this
distance, producing the greatest magnitudes at the tip of the wing™.
The Weis-Fogh®* model is based upon two-dimensional strips taken

spanwise from the wing, but three-dimensional and fluid-dynamics
effects (such as vortex formation) not described by this simplified
model also exist. For instance, wings in gliding flight also experience a
reduction in aerodynamic force production near the wing tip due to
formation of tip vortices. However, in flapping wings, tip vortices
interact with and may even enhance the leading-edge vortex, a primary
source of lift in flapping wings, thus potentially strengthening the base-
to-tip aerodynamic force gradient®. The magnitude of and balance
between these inertial and aerodynamic effects are modulated in
actual bird wings by root-to-tip tapering of both wing chord length and
mass. The net result of flapping, irrespective of the influence of tip
vortices and wing taper, is a general increase in the force per unit area®
and inertial moment; a distal section of wing will experience greater
aerodynamic force and greater inertial moment per unit area than a
comparable section more proximal on the wing (see Supplementary
Note 1 for more details). In turn, this means that a change in mor-
phology in distal wing sections will yield a greater relative change in
the forces experienced there than would result from a similar, more
proximal, change in morphology. We therefore posit that the gradients
of aerodynamic forces and inertial moment lead to a similar gradient of
increasing mechanical sensitivity along the length of the wing,
smoothly crossing the hypothesized junction of handwing and
armwing modules (Fig. 1; Supplementary Note 1). If mechanical sensi-
tivity is tied to the evolution of wing shape as it is in four-bar linkages'®,
the gradient of mechanical sensitivity along the wing should result in a
corresponding gradient of evolutionary dynamics of shape traits.
Though wing shape changes dynamically through flight, the range of
shapes that a wing can achieve via wing morphing is constrained by its
static form. We investigated the relationship between mechanical
sensitivity and the evolution of static wing morphology.

We identified two idealized patterns that might characterize how
evolutionary dynamics in the wing will respond to the interaction of
the mechanical sensitivity gradient with morphological modularity in
the wing: (1) Evolutionary dynamics could follow the base to tip
gradient in mechanical sensitivity established by flapping flight,
irrespective of morphological modularity, producing a smooth root-
to-tip pattern of increasing evolutionary tempo (Fig. 1c). (2) Alter-
natively, if evolution acts upon modules within the wing, the
mechanical sensitivity gradient superimposed across the HW and AW
modules would cause the HW region to have a distinctly faster evo-
lutionary tempo than the AW, also with a possible shift to a different
evolutionary mode across the wrist joint. In this second case, evo-
lutionary tempo would vary less within these modules than among
them (Fig. 1c), with a well-defined step up in evolutionary rate from
the AW to the HW. Under both hypothesized evolutionary regimes,
shape traits would display greater interspecific variation (termed
morphological disparity) near the tip of the wing, with evolutionary
tempo increasing from the base of the wing toward its tip. The pri-
mary difference is that in Hypothesis 2, both evolutionary tempo and
morphological disparity should show a regionally discontinuous
pattern between the HW and AW, separated by the wrist. Alter-
natively, if flapping flight has little influence on the evolutionary
dynamics of wing morphology, we would not expect any particular
root-to-tip gradient of evolutionary rate or morphological disparity.
Instead, wing evolution might be shaped by tradeoffs among bio-
mechanical, life history, and ecological traits, leading to unpredict-
able evolutionary patterns. We investigated these hypotheses using
3D surface scans of wings from 178 species representing 15 major
lineages of birds (Fig. 1a), providing a basis for exploring regionali-
zation and modularity of avian wing morphology and evolution.

Here, we demonstrate that the mechanical sensitivity concept can
be applied to biomechanical systems other than four-bar linkages
where it was first described™®. Four-bar linkages transmit forces directly
via interacting lever arms, whereas aerodynamic forces arise from a
fluid-structure interaction. Despite the physical differences between
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Fig. 1| Phylogenetic sampling, morphological traits, 3D scanning methodol-
ogy, and evolutionary dynamics of bird wings. Bird wings are complex biological
structures with phylogenetically structured morphological variability a and are
composed of musculoskeletal and integumentary elements b. Flight feathers form
the aerodynamic surface of the wing, which is divided into two regions separated
by the wrist, the handwing and the armwing b. Aerodynamic forces and inertial
moment increase as the square of the distance from the base of the wing during
flapping flight*, creating an alternative model for wing mechanical sensitivity c.
The evolutionary signature might follow the mechanical sensitivity gradient, or
might be discretized by interacting with modularity in the wing ¢, hypothesized ¢°).
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We used a laser scanner d to capture surface scans e of 1096 wings from 178 species
of birds a. The tree was pruned from the Jetz et al. supertree”. We divided the wing
into chord-wise slices f along the span, and measured chord, camber, cross-
sectional thickness (XST), and cross-sectional area (XSA) from each slice (see b).
g Morphological disparity (dashed line) and evolutionary rate (¢?, solid line) for all
these shape traits were greater in the handwing (red) than in the armwing (blue),
and especially so near the wingtip. Regression discontinuity analyses (RDA) of
morphological disparity (solid black lines) showed significant discontinuity across
the wrist joint (see Table 1). The distinction across the wrist was less clear for ¢?,
except in wing chord and marginally in XST.
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Fig. 2 | Wing shape traits scaled by body size showed marked consistency
across taxa, were of greatest magnitude in the armwing (dark gray region), and
decreased away from the shoulder, across the wrist joint (vertical dashed line)
and through the armwing (lighter gray region). a Mean values (solid red/blue
lines) + SE (black dashed lines), across 1096 wings from 178 taxa, of camber, chord,
cross-sectional thickness (XST) and cross-sectional area (XSA) in the handwing
(red) and armwing (blue). The shaded gray boxes show the regions that were
included in subsequent analyses of morphological and evolutionary modularity,

and the red and blue shaded regions correspond with wing slices pulled from the
scans (shown in b). The wrist was excluded. b Example of a 3D scanned wing from a
Cooper’s hawk (Accipter cooperii) in (i) frontal and (ii) planform views, with (iii)
representative slices shown for the handwing (red) and armwing (blue). ¢ Phylo-
genetic signal was high in all shape traits in both wing regions. Dashed red/blue
lines show Blomberg's K for camber (i), chord (ii), XST (iii), and XSA (IV) along the
length of the wing, and solid lines show Pagel’s A.

these systems, a common theme has emerged: morphological evolu-
tion is greatest when mechanical sensitivity is high. This applies to
modular systems with discrete differences in sensitivity, but also along
continuous gradients. Our results therefore suggest that mechanical
sensitivity provides a general framework for the study of morpholo-
gical and biomechanical evolution.

Results

We scanned 1096 wings representing 178 species of birds with an
average sample size of 6 individuals per species. Median wing camber
across all slices, averaged within each species, ranged from 0.061 to
0.169, with an overall mean of 0.105. Armwing (AW) camber was
greater than that in the handwing (HW, median + MAD: 0.11+ 0.021 vs.
0.072 £ 0.017). Mean chord ranged from 30.6 mm to 249.9 mm, with
an overall mean of 64.3 mm. Median chord (scaled by dividing by M,,’?)
was greater in the AW (20.43+259mmg?’) than in the HW
(13.16 +2.53 mm g?). Wing thickness at the most proximal measured
slice of the AW varied among the study species from 0.41 mm to
438 mmg™ (mean = 210mmg*°) and tapered to the wrist joint.
Thickness of the wrist joint ranged from 0.44 mm g”? to 2.36 mm g**
with an average of 1.14 mm g%, Wing thickness tapered further toward
the most distal measured slice of the HW (range = 0.20 - 1.90 mm g*~,
mean = 0.50 mmg”?). Wing cross-sectional area showed a similar
pattern, tapering from a mean of 17.22 mm? g%° at the most proximal
measured wing slice (range = 2.20 to 42.08 mm? g%°) to a mean of

2.09 mm? g at the most distal measured slice (range = 0.64 t0 19.70
mm? g?°). The profiles of camber, chord, cross-sectional thickness
(XST) and cross-sectional area (XSA) across the measured portion of
the wing are shown in Fig. 2.

Morphological modularity

The covariance ratio (CR) test*® identified significant morphological
modularity (CR <1.0, see Fig. 3) in the log-transformation of all shape
traits (camber CR=0.79, p<0.001; chord CR=0.79, p<0.001; XST
CR=0.87, p<0.001; XSA CR=0.87, p < 0.001), suggesting that the AW
and HW are morphologically discrete subunits of the wing. Log-
transforming the data removed the biasing effect of differing means
between the regions®, but a similar outcome was obtained from the
raw data as well. Additionally, this result was robust to inclusion of the
wrist in either the hand or arm region. The wing shape traits that we
measured showed increasing trends from the tip of the wing toward its
base (see Fig. 2). The result of this is that the values of each shape trait
for a given slice are inherently more similar to closely situated slices
than they are to more distant ones. We tested whether the existence of
an underlying trend in the shape data would bias us toward finding a
signal of modularity using the CR method by simulating wing shape
traits with no phylogenetic structure and measuring CR in the simu-
lated data (see Supplemental Fig. S5). We found that the simple exis-
tence of a trend in the data, linear or otherwise, is insufficient to
produce a signal of modularity.
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Fig. 3 | Results of the covariance ratio test. The covariance ratio test (CR)* identified significant modularity between the handwing and the armwing for a camber,

b chord, ¢ cross-sectional thickness, and d cross-sectional area.

Table 1| Phylogenetic signal (both Pagel’s A and Blomberg's K), morphological disparity, evolutionary tempo (o?) and
regression discontinuity analyses for four wing shape traits: wing camber, chord, cross-sectional thickness (XST), and cross-

sectional area (XSA)

Shape Trait Mean Phylogenetic Signal (HW A, K| AW A,K) Mean Disparity (HW | AW) Mean ¢? (HW | AW) Disparity RDA effectp o RDA effect p
Camber 0.69, 0.25]0.71,0.28 0.014]0.008 0.0005]0.0003 0.000156 0.721920
Chord 0.86, 0.32/0.90, 0.41 0.012|0.008 0.0004]0.0002 0.00014 0.000351

XST 0.64,0.17]0.67, 0.16 0.018|0.013 0.0009|0.0006 0.0257 0.0282

XSA 0.79, 0.19]0.76, 0.21 0.035]0.030 0.0012|0.0009 0.0141 0.487

Morphological disparity

Disparity of camber was greater in the HW (mean = 0.014, see Table 1)
than in the AW (mean = 0.008), with maximum (0.017) near the middle
of the HW and a sharp downward transition through the wrist joint
(Fig. 1g). Regression-discontinuity analysis (RDA) confirmed that the
spanwise trend in camber is discontinuous about the wrist (p < 0.001).
Disparity of chord exhibited no spatial discontinuity, had compara-
tively low values throughout the AW (mean = 0.007), and increased
distal to the wrist. Mean chord disparity in the HW was 0.012, and the
distinction between the HW and the AW was supported by RDA
(p < 0.001). Disparity of XST and XSA shared similar patterns: disparity
was greatest near the tip of the wing, and decayed toward the middle
of the HW (consistent with the pattern depicted in Fig. 1c “ii”). In both
cases, RDA showed marginal support for the discontinuity across the
wrist joint (p,=0.025, p4=0.014).

Evolutionary tempo and phylogenetic signal

For all shape traits, model-fit criteria (AICc) supported an Ornstein-
Uhlenbeck (OU) model of evolution across all wing slices (all AAICc > 4).
Evolutionary tempo (¢°) among the shape traits (camber, chord, XST,
and XSA) broadly showed trends similar to morphological disparity.

Greater evolutionary rates corresponded with higher disparity (Table 1).
However, the discontinuity across the wrist joint was less distinct,
except in chord (RDA p < 0.001). Discontinuity results were marginal for
XST (p=0.028) and non-significant for XSA and camber. Phylogenetic
signal was high throughout the wing in all shape traits (all K< 0.35 and
all 1>0.60, see Table 1).

We found that the gradient patterns of both ¢ and disparity were
consistent across different partitions of the data (see supplementary
Figures S3 and S4). Both passerine and non-passerine birds showed
similar patterns of ¢° and disparity, though the estimated values dif-
fered between the groups (see supplementary Figure S3). Also, a
general gradient pattern is maintained through the rarefaction analysis
(supplemental Figure S4), though random removal of taxa affects the
estimates of ¢° and disparity. Finally, we also found that our results
were robust to different phylogenetic hypotheses. The gradient pat-
tern of ¢ was replicated across 1000 posterior draws of the avian
phylogeny (supplemental Figure S2).

Discussion
We tested whether modularity in bird wings has interacted with a
gradient of biomechanical force production along the length of the
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wing to shape morphological evolution. Our tests of morphological
modularity confirmed that the HW and AW are discrete morphological
modules within the wing, however we found little evidence that this
modularity has influenced morphological evolution. Instead, we find
that the physics of flapping is a dominant evolutionary driver. We
hypothesized that a root-to-tip increasing gradient of mechanical
sensitivity (the strength of the relationship between trait morphology
and functional output'®") arising from gradients of aerodynamic for-
ces and inertial moment for flapping wings™* (see Fig. 1c; Supplemen-
tary Note 1) would result in a matching gradient in evolutionary
dynamics (especially evolutionary tempo).

Morphological disparity was significantly greater in the HW for all
traits, and ¢ largely followed a similar trend. Both measures decreased
away from the wingtip even within the handwing, following the gra-
dient of mechanical sensitivity for flapping flight but breaking the
strictly modular expectation for evolutionary dynamics. There was
significant linear regression discontinuity for ¢° in wing chord and
marginally for XST. However, ¢ for camber and cross-sectional area
were not discretely separated at the wrist, despite greater values near
the wingtip. We found significant discontinuities in morphological
disparity across the wrist joint in all traits, supporting discretization of
the HW and AW as two morphological modules. Our results match our
prediction that the HW and AW are morphological modules, but more
consistent with our first hypothesis: evolutionary dynamics follow the
mechanical sensitivity of the morphological traits. Specifically, we
show that 1) evolutionary rate can track mechanical sensitivity within
and not just among modules; thus the link between mechanical sen-
sitivity and evolutionary rate does not depend upon morphological
modularity and 2) evolutionary dynamics can track continuous
mechanical sensitivity gradients without significant interaction with
underlying morphological modules. We provide detailed discussion
on wing modularity and its interaction with mechanical sensitivity in
the following sections.

Bird wings are modular structures

Gatesy and Dial" proposed that locomotor modularity (the integration
of anatomical subunits, such as the hindlimbs or forelimbs, into
functional subunits during locomotion) is responsible for the evolu-
tionary diversification of avian morphology and locomotion, and
potentially for the origin of flight. Here, we present a refinement to
their view of modularity within the structure of the wing. Our results
show that bird wings are complex structures composed of at least two
morphological modules, the handwing (HW) and the armwing (AW),
delineated by the wrist joint. We measured morphological disparity, a
quantification of the occupancy of multivariate space such as that
formed by multiple morphological axes (in this case, four axes: cam-
ber, chord, XST and XSA), along the wing. We found that morpholo-
gical disparity is greatest in the HW, and especially so at the wingtip.
We used Regression Discontinuity Analysis (RDA) to demonstrate that
the patterns of morphological disparity were different in the HW and
the AW (see Fig. 1g), providing evidence that the HW and AW are
discrete modules.

In this study, we describe a test case where morphological mod-
ularity exists, but apparently without the strong functional disparity
corresponding with the morphological modules. Hence, we show that
morphological modularity is not necessarily tied to evolutionary
modularity, but that mechanical sensitivity is a better predictor of
evolutionary dynamics than modularity. Prior studies in other systems
that have linked morphological and evolutionary modularity found
that strong regionalization of biomechanical function, whatever the
particular function may be, leads to strong regionalization of mor-
phology. Morphological modularity has been documented in mam-
malian backbones, where a gradient of selective pressures along the
length of the spine leads to regionalization of both form and
function™®, The flight feathers of bird wings form a set of serially-

homologous elements akin to vertebrae in the mammalian backbone,
but experience a gradient of forces®**’ rather than discrete regionali-
zation of function. We note, though, that the relationship between
form and function among the wing modules we describe herein is only
implied, not experimentally validated for the variety of taxa con-
sidered here, and based upon a simple model of the distribution of per-
area force and inertial moment in wings**. More detailed, complex and
potentially accurate models of lineage-specific wing shapes might
prove a fruitful path for further investigation into the evolution of bird
wing shape but potentially at the cost of the generalizability of our
present results.

Our finding that the HW and AW form discrete morphological
modules does not imply that additional modularity cannot be found
within wings. The skeletal, muscular, and integumental components
of the wing might experience unique evolutionary pressures and
tradeoffs that shape their evolution across multiple levels of
organization>®°, For example, the thickness of the wing skeleton is tied
both to its aerodynamics—thicker wings present more frontal area to
the wind and produce more drag, and to its structural rigidity—thicker
wing bones are more able to resist bending®. The geometry of the
wing’s feathered surface influences, in part, the magnitude and dis-
tribution of the forces the skeleton must withstand**®%. Therefore,
these features might show morphological integration, i.e., that their
morphologies coevolve within discrete regions of the wing, and the
strength of the integration may vary along the length of the wing.
Conversely, the flight feathers are serially homologous features
arranged along the wingspan, whose relative sizes determine the
dimensions and geometry of the wing surface’*®, Each of the flight
feathers is potentially exposed to different evolutionary pressures
based on its position on the wing*, raising the possibility of further
regionalization and modularity may exist among the flight feathers,
with the extreme case being that each flight feather could be its own
morphological and evolutionary module. Our 3D scanned wings did
not permit investigation of modularity at these levels of organization,
so it possible that a greater magnitude of modularity exists that could
be uncovered by different measurement techniques.

Trait evolution follows a gradient rather than modules

We predicted and found that bird wings show strong morphological
modularity between the HW and the AW. We also predicted that evo-
lutionary dynamics (tempo and mode) would differ significantly
between morphological modules. While we did find that mean values
of ¢® were greater in the HW for all traits, evidence for evolutionary
modularity was equivocal. Regression discontinuity analysis identified
significant transitions in ¢ for chord and marginally for XST, but not
for camber or XSA. Instead, o for XST is consistent across much of the
wing, with a notable increase near the wingtip. Camber ¢ also shows an
increase at the wingtip but is otherwise consistent within the HW and
greater than in the AW. Though discontinuous across the wrist, o of all
traits more closely approximated the gradient predicted by our first
hypothesis. The discontinuities represent an inflection point in the
function, rather than a step. We therefore found little support for
evolutionary modularity within the wing and propose that evolu-
tionary change of the shape traits discussed here is not beholden to
morphological modules, but instead follows a smooth gradient along
the span of the wing.

The relative aerodynamic force and inertial moment experi-
enced by each unit area of the wing increase in a root-to-tip
gradient™*, The result of this is that altering the shape of distal
regions of the wing will yield a greater change in the force/inertia
regime of that region than would be caused by a similar proportion
shape change more proximally. The outcome of these biomechanical
gradients is a span-wise increase in mechanical sensitivity toward the
tip of the wing. Mechanical sensitivity influences evolutionary
dynamics of morphological traits, biasing toward higher rates of
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evolutionary diversification when mechanical sensitivity is high’%, as
we found in the HW. Greater morphological disparity and faster
evolutionary tempo in the HW (and particularly its distal tip region)
relative to elsewhere along the span support our hypothesis that
selective pressures driving morphological evolution in avian wings
are related to the distribution of aerodynamic and inertial forces
along the span of the wing. Our results are also consistent with prior
work demonstrating that 2D, planform wing shape has diverged
primarily near the wingtips**, and demonstrate that 3D shape traits
(camber, XST, and XSA) behave similarly.

We predicted that evolutionary dynamics of wing morphology
follow a gradient of mechanical sensitivity increasing from the base of
the wing toward its tip. Based on simple aerodynamic and inertial
models, we predicted that the general shape of the gradient would
resemble an exponential curve (see supplemental material for details).
However, we caution that we have made no explicit predictions as to
the magnitude of that increase, or what might constitute a “significant”
gradient. Because different bird taxa rely on gliding and flapping flight
to varying degrees®, we expect that the sensitivity gradient itself might
be a feature that varies similarly. For example, we predict that the
sensitivity gradient strongest for hummingbirds, which rely almost
solely on flapping®**” and weakest for specialized gliders like alba-
trosses and condors®®™”!, with other lineages falling somewhere on a
spectrum between those end points. Our finding that the values of ¢
and disparity differ between passerine and non-passerine birds rein-
forces our assertion that the sensitivity gradient might vary among
taxa. Our intent was to assess whether the large representation of
passerines in our sample biased us toward finding a gradient of evo-
lutionary dynamics if passerines follow that pattern, but other birds do
not, and not to test for differences in the magnitude of the gradient
among taxa, so we hesitate to interpret that result further.

Prior studies linking mechanical sensitivity to evolutionary
dynamics in 4-bar linkage systems have documented transitions in
evolutionary mode (i.e. Ornstein-Uhlenbeck vs. Brownian motion) in
addition to a shift toward higher rates”®. However, we found no shift
in mode across the wrist joint. The OU model was best supported by
AlCc in all shape traits across the entirety of the wing. This is unsur-
prising for camber and XSA, as the RDA models for these traits did not
highlight significant transitions in evolutionary rate (¢°) across the
wrist joint. However, there were significant differences in ¢ between
the wing regions for chord and, marginally, for XST, but without a shift
in evolutionary mode. We posit that the lack of sharp transitions in
evolutionary dynamics at the wrist joint, despite trait disparity analysis
supporting discretization of the HW and AW into separate morpho-
logical modules, stems from a continuous gradient of increasing
mechanical sensitivity along the span of the wing,.

Additional considerations

We investigated the evolution of static wing shape, but bird wings
are dynamic structures. Planform wing shape is dynamically and
deliberately modified by birds in flight, termed “wing morphing” to
modify aerodynamic performance®*® and to react to transient
perturbations’~*°. Three-dimensional shape traits like camber and
span-wise twist vary as the wing cycles through its flight stroke and
when acted upon by aerodynamic forces in flight*°, and the range of
motion at the wing joints is a stronger predictor of flight style than 2D
wing shape®. The static shape of a wing influences the breadth of
different morphologies that the wing can adopt via morphing™ and is
likely predictive of the envelope of aerodynamic performance that a
morphing wing can produce®”* As yet, though, a systematic under-
standing of how static wing shape affects the manner and to what
degree birds can dynamically alter the shape of their wings in flight
remains elusive and is an area of active investigation**>.. Our present
results provide an important step forward in understanding how the
biomechanics of avian flight drives the evolution of their wings, but

more importantly, the mechanical sensitivity framework that we
applied here to describe the evolution of static wing shape may also
provide a valuable roadmap for future exploration of morphing wings.

Several shape indices have been developed to facilitate the
broad taxonomic sampling necessary to explore how wing shape in
birds relates to their behavior and ecology. The most widely adopted
of these is the handwing index (HWI)**%3, which serves as a proxy for
wing aspect ratio. The present results suggest that the wingtip is
especially evolutionarily labile relative to the rest of the wing and
shape traits there are likely to be tuned to the various flight and
lifestyle pressures among avian taxa. Wingtip shape indices such as
HWI can capture variation in the handwing, but the utility of wingtip
indices remains limited. HWI provides an imperfect proxy for wing
aspect ratio. The proportion of the AW varies among avian taxa (from
approximately 30-60% of wing length in our sample). Birds with
identical HWI can have very different AR. Furthermore, AR, by itself,
misses several other traits that directly influence various aspects of
flight performance. Coefficient of lift and lift to drag ratio are both
functions of an interaction between wing camber and AR****, but
camber is not captured by any wingtip shape index. Additionally,
wing mass (and as a proxy, wing volume) affects the inertial moment
of the wing, influencing the energetic cost of flapping and the ability
to use wing inertia for maneuvering. We therefore suggest that while
wingtip shape indices can be valuable proxies in broad views of
ecomorphological relationships (e.g.>**), they provide too coarse of
a morphological measurement to be useful in taxonomically-broad
studies of flight biomechanics.

We assembled a dataset of 3-dimensional wing shape in a broad
taxonomic sample of birds. Our analyses show that the wing is divided
into at least two morphological modules separated by the wrist, the
handwing and the armwing, and that shape divergence was greatest in
the handwing. We tested competing hypotheses of how evolutionary
dynamics act upon the wing modules, and found that morphological
disparity was significantly modular within the wings, but that evolu-
tionary tempo followed a gradient of mechanical sensitivity along the
span of the wing that was predicted by a blade element model of
flapping flight aerodynamics and inertial moment>*. This expands our
understanding of evolutionary dynamics of complex biological struc-
tures, demonstrating that morphology can be tuned along continuous
gradients in addition to previously described modular processes”,
Our results concur with prior observations that mechanical sensitivity
drives evolution of biomechanical traits. We also demonstrate that the
linkage between mechanical sensitivity and evolutionary dynamics is
not specific to four-bar linkages, but also exists in other systems. The
mechanical sensitivity of morphological traits in biomechanical sys-
tems may therefore be fundamental to the evolution of form and
function.

Methods

Wing scanning and measurement

We collected three-dimensional wing shape data from spread wings
in the collection at the North Carolina Museum of Natural Sciences
(NCMNS) in Raleigh, NC using a NextEngine 3D Scanner Ultra HD
laser scanner (NextEngine, Inc., Santa Monica, CA; Fig. 1d). Sample
sizes of each taxon were limited by the availability of specimens in
the NCMNS collection, but when available, we scanned 16 individuals
per species, maintaining a balanced sex ratio. Scan resolution was set
to optimize scanning time while preserving surface detail. Resolu-
tions ranged from 78 dots per cm? for large wings to 6300 dots per
cm? for smaller wings. The scanned wings (Fig. 1e) were processed
using a MATLAB program (MATLAB r2014b, The MathWorks, Natick,
MA, USA) that extracted the vertices from the 3D object files,
creating point clouds in the shape of the wings. We aligned the wing
point clouds to a common coordinate system with the X-axis
extending along the length of the wing from base to tip, the Y-axis
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along the chord from leading to trailing edge, and Z through the
thickness. Wing length (r) was measured as Xax - Xmin, and wingspan
as 2r. Because the wings were removed from the body during pre-
servation, we were unable to account for the width of the body in our
measure of wingspan.

Three-dimensional shape traits were measured by subdividing
the wings into chord-wise slices along their span (Fig. 1f). To facilitate
direct comparisons between wings and among taxa, we set the width
of the slices to be 1/25th of the distance from the wrist joint to the tip
of the wing, ensuring that all wings would have the same number of
handwing (HW) slices. The number of slices representing the
armwing (AW) was allowed to vary, as the proportion of HW vs. AW
differs among taxa. To standardize subsequent analyses, we restric-
ted the dataset to 35 span-wise slices (25 HW and 10 AW), which
reflects the number of slices in the taxon with the shortest AW. In
addition to standardizing the analyses, substantial trauma occurs
during the removal of the wing during preservation, so excluding the
proximal AW slices also reduces the influence of preservational
artifacts.

We measured four shape traits from each wing slice, focusing on
attributes of the wing that are expected from first principles to
directly influence the aerodynamic forces and inertial moment of the
wing. We favored this approach over a geometric morphometric
(GM) approach because, while GM may provide higher resolution
shape information, the link between form and function in a GM fra-
mework is less direct. Chord was measured as Y,ax - Yimin, and cross-
sectional area (XSA) was measured as the area contained within a
spline fitted to the perimeter of the wing section in the Y/ Z plane.
The maximum distance in the Z-dimension (i.e., the greatest distance
from the upper wing surface to the lower wing surface) was recorded
as the maximum cross-sectional thickness (XST). Camber was cal-
culated as (Ziax - Zmin) / Ymax - Ymin)-

Body mass (Mp) was recorded from museum tag data where
available. When mass was not available from specimen tags, a species
mean value was filled in from the CRC Handbook of Avian Body
Masses’>. Measurements of wing length, area, chord, and thickness
were scaled by dividing by body mass taken to the appropriate power
(M, for linear measures and M,?” for areas) and summarized within
each taxon. Subsequent analyses were conducted on species median
values for each wing slice.

Phylogenetics

Phylogenetic analyses were based upon the Jetz. et al. ” super tree
from Birdtree.org’, which includes 10,000 Bayesian posterior draws
of the tree. The tree was pruned to include only taxa in our scanned
wing dataset. Handling of the tree, data, and phylogenetic analyses was
done using tools from the Phytools” and geiger’® packages in the R
Statistical Computing Environment version 4.1.0”". We calculated two
metrics of phylogenetic signal: Blomberg’s K’® and Pagel’s A”° for each
wing slice using the ‘phylosig’ function in the Phytools package.

l73

Morphological modularity analysis

Modularity. To assess whether the HW and AW are morphologically
distinct modules, we used the covariance ratio (CR) proposed by
Adams®. This test compares the covariance among traits within a
putative module to covariance among the modules. The test statistic
(CR) ranges from O to positive infinity, with values between 0 and 1
representing greater covariance within putative modules than among
them, signaling morphological modularity. CR greater than 1 indicates
morphological integration, and a lack of modularity®. This test was
implemented using code provided in the supplement of Adams’
description of the method*®. Because the mean values of the shape
traits differ between wing regions, in addition to conducting the
modularity test on the isometrically scaled data, we used a log;o-
transformation to mitigate any biasing effect from the difference in

means. Furthermore, because the wrist joint affects wing camber,
thickness, and XSA, its effect on the modularity analysis was difficult to
predict. To test whether inclusion of the wrist influenced our mod-
ularity interpretations, we iterated our analysis, including the wrist in
each the HW and the AW regions while excluding it from the other. We
also removed the wrist from consideration entirely, and only analyzed
regions proximal and distal to it. Because inclusion of the wrist had no
impact on the modularity analysis, and for the sake of simplicity, we
present results excluding the wrist since this avoids arbitrarily
assigning it to either the AW or HW region.

Disparity. Morphological disparity is a measure of the variation in
traits among taxa. We compared morphological disparity in each of
our shape traits for each wing slice using the ‘dispRity’ function in the
dispRity package® in R. We compared disparity between the HW and
the AW using regression discontinuity analysis (RDA) using the
rdd reg Im’ function in the rdd tools package® in R. Regression dis-
continuity analysis is a statistical tool to assess changes in slope or
intercept in a temporal or spatial trend across an assigned X-axis cutoff
point, in our case, the wrist joint. A difference in disparity in the same
shape traits between different regions of the wing would indicate a
difference in evolutionary lability as well.

Evolutionary modularity analysis

Evolutionary tempo and mode. To test whether different morpho-
logical modules expressed different evolutionary dynamics, we fit
Brownian motion (BM), Ornstein-Uhlenbeck (OU), and early-burst (EB)
evolutionary models to each of the shape traits at each of the wing
slices using the ‘fitContinuous’ function in the geiger package in R. We
used Akaike’s Information Criterion corrected for small sample size
(AICc) to determine the most suitable model for each trait and esti-
mated evolutionary rate (¢° for each wing slice using that model.
We tested for differences in patterns of o® between the wing regions
using regression discontinuity analysis (RDA) as described above.

Effects of sampling and phylogenetic uncertainty. Passerines
account for 113 of our 178 species taxonomic sample of birds. Though
the Passeriformes is a large and morphologically diverse lineage, its
strong representation in our sample could bias our main findings if the
lineage differs systematically from other birds. We took two approa-
ches to determine if evolutionary dynamics of wing morphology in
passerines differ from other birds and thus influence the broader
interpretation of our results. First, we divided our dataset into pas-
serines and non-passerines, and applied the ¢ and morphological
disparity analyses as described above to each of those subsets. Second,
we conducted a rarefaction analysis in which we removed taxa and
iterated the ¢® and disparity analyses on the remaining taxa. In this
analysis, we randomly removed 1 to 172 (of a total 178) taxa, meaning
that we conducted the ¢® and disparity analyses on sets of 6 to
177 species; the removed taxa were replaced before subsequent sub-
sampling. Further details of these analyses are presented in the sup-
plementary material.

A phylogenetic tree is a hypothesis of the relatedness among
species. The analysis of ¢° can be influenced by the assumed tree
topology (branching structure and branch lengths). To assess the
effect of tree topology on our estimates of ¢°, we iterated our analysis
across 1000 posterior draws of the bird tree with varying topologies.
We then took the median ¢ of the output at each wing slice along with
the median absolute deviation (MAD) to summarize their central ten-
dency and variance respectively (see supplemental material for
details). Disparity, unlike ¢?, is insensitive to tree topology.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

All shape trait data and the phylogenetic tree generated in this study
have been deposited, without restrictions, in figshare using https://doi.
org/10.6084/m9.figshare.16899580.

Code availability
All analysis scripts are available at https://doi.org/10.6084/m9.
figshare.16899580.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

Claramunt, S., Derryberry, E. P., Brumfield, R. T. & Remsen, J. V.
Ecological Opportunity and Diversification in a Continental Radia-
tion of Birds: Climbing Adaptations and Cladogenesis in the Fur-
nariidae. Am. Naturalist 179, 649-666 (2012).

Derryberry, E. P. et al. Lineage diversification and morphological
evolution in a large-scale continental radiation: The neotropical
ovenbirds and woodcreepers (aves: Furnariidae). Evolution 65,
2973-2986 (2011).

Felice, R. N., Tobias, J. A., Pigot, A. L. & Goswami, A. Dietary niche
and the evolution of cranial morphology in birds. Proc. R. Soc. B:
Biol. Sci. 286, 20182677 (2019).

Hedrick, B. P. et al. Morphological Diversification under High Inte-
gration in a Hyper Diverse Mammal Clade. J. Mammal. Evol. 27,
563-575 (2020).

Olson, E. C. & Miller, R. L. Morphological Integration. (University of
Chicago Press, 1958).

Cheverud, J. M. Phenotypic, Genetic, and Environmental Morpho-
logical Integration in the Cranium. Evolution 36, 499-516 (1982).
Cheverud, J. M. Developmental Integration and the Evolution of
Pleiotropy. Am. Zool. 36, 44-50 (1996).

Klingenberg, C. P. Morphological Integration and Developmental
Modularity. Annu. Rev. Ecol., Evolution, Syst. 39, 115-132 (2008).
Armbruster, W. S., Pélabon, C., Bolstad, G. H. & Hansen, T. F. Inte-
grated phenotypes: understanding trait covariation in plants and
animals. Philos. Trans. R. Soc. B: Biol. Sci. 369, 20130245 (2014).
Zelditch, M. L. & Goswami, A. What does modularity mean? Evolu-
tion Dev. 23, 377-403 (2021).

Klingenberg, C. P. & Marugan-Lobon, J. Evolutionary Covariation in
Geometric Morphometric Data: Analyzing Integration, Modularity,
and Allometry in a Phylogenetic Context. Syst. Biol. 62,

591-610 (2013).

Esteve-Altava, B. In search of morphological modules: a systematic
review. Biol. Rev. 92, 1332-1347 (2017).

Felice, R. N. et al. Evolutionary Integration and Modularity in the
Archosaur Cranium. Integr. Comp. Biol. 59, 371-382 (2019).
Gatesy, S. M. & Dial, K. P. Locomotor Modules and the Evolution of
Avian Flight. Evolution 50, 331-340 (1996).

Randau, M. & Goswami, A. Morphological modularity in the ver-
tebral column of Felidae (Mammalia, Carnivora). BMC Evolut. Biol.
17, 133 (2017).

Anderson, P. S. L. & Patek, S. N. Mechanical sensitivity reveals
evolutionary dynamics of mechanical systems. Proc. R. Soc. B: Biol.
Sci. 282, 20143088 (2015).

Mufoz, M. M., Anderson, P. S. L. & Patek, S. N. Mechanical sensitivity
and the dynamics of evolutionary rate shifts in biomechanical sys-
tems. Proc. R. Soc. B 284, 20162325 (2017).

Mufioz, M. M., Hu, Y., Anderson, P. S. L. & Patek, S. Strong bio-
mechanical relationships bias the tempo and mode of morpholo-
gical evolution. eLife 7, e37621 (2018).

Gidmark, N. J., Pos, K., Matheson, B., Ponce, E. & Westneat, M. W.
Functional Morphology and Biomechanics of Feeding in Fishes. in
Feeding in Vertebrates: Evolution, Morphology, Behavior, Bio-
mechanics (eds. Bels, V. & Whishaw, |. Q.) 297-332 (Springer
International Publishing, 2019). https://doi.org/10.1007/978-3-030-
13739-7.9.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Westneat, M. W. Feeding mechanics of teleost fishes (Labridae;
Perciformes): A test of four-bar linkage models. J. Morphol. 205,
269-295 (1990).

Patek, S. N., Nowroozi, B. N., Baio, J. E., Caldwell, R. L. & Summers, A.
P. Linkage mechanics and power amplification of the mantis
shrimp’s strike. J. Exp. Biol. 210, 3677-3688 (2007).

Prandtl, L., Tietjens, O. G. & Den Hartog, J. P. Applied hydro-and
aeromechanics. vol. 35 (Dover New York, 1957).

Baldwin, M. W., Winkler, H., Organ, C. L. & Helm, B. Wing pointed-
ness associated with migratory distance in common-garden and
comparative studies of stonechats (Saxicola torquata). J. Evolut.
Biol. 23, 1050-1063 (2010).

Lockwood, R., Swaddle, J. P. & Rayner, J. M. V. Avian wingtip shape
reconsidered: Wingtip shape indices and morphological adapta-
tions to migration. J. Avian Biol. 29, 273-292 (1998).

Mulvihill, R. S. & Chandler, C. R. The Relationship between Wing
Shape and Differential Migration in the Dark-Eyed Junco. Auk 107,
490-499 (1990).

Rader, J. A., Hedrick, T. L., He, Y. & Waldrop, L. D. Functional
Morphology of Gliding Flight Il. Morphology Follows Predictions
of Gliding Performance. Integr. Comp. Biol. 60, 1297-1308 (2020).
Swaddle, J. P. & Lockwood, R. Wingtip shape and flight perfor-
mance in the European Starling Sturnus vulgaris. Ibis 145,
457-464 (2003).

Taylor, G. & Thomas, A. Evolutionary Biomechanics. (Oxford Uni-
versity Press, 2014).

Pigot, A. L. et al. Macroevolutionary convergence connects mor-
phological form to ecological function in birds. Nat. Ecol. Evol.
https://doi.org/10.1038/s41559-019-1070-4 (2020).

Sheard, C. et al. The latitudinal gradient in hand-wing-index: global
patterns and predictors of wing morphology in birds. bioRxiv
816603 https://doi.org/10.1101/816603 (2019).

Sheard, C. et al. Ecological drivers of global gradients in avian
dispersal inferred from wing morphology. Nat. Commun. 11,

2463 (2020).

Stoddard, M. C. et al. Avian egg shape: Form, function, and evolu-
tion. Science 356, 1249-1254 (2017).

Swaddle, J. P. & Lockwood, R. Morphological adaptations to pre-
dation risk in passerines. J. Avian Biol. 29, 172-176 (1998).
Altshuler, D. L. et al. The biophysics of bird flight: functional rela-
tionships integrate aerodynamics, morphology, kinematics, mus-
cles, and sensors. Can. J. Zool. 93, 961-975 (2015).

Bacon, P. J. Aerodynamic Measurements or Birds. Ringing Migr. 1,
120 (1976).

Cone, C. D. J. The Aerodynamics of Flapping Bird Flight. Virginia
Institute of Marine Science Special Scientific Report 1-128 (1968).
Hedenstrom, A. Aerodynamics, evolution and ecology of avian
flight. Trends Ecol. Evolution 17, 415-422 (2002).

Nachtigall, W. The pigeons wing during gliding flight: geometrical
characteristics of wing profiles and generation of aerodynamic
force components. J. fuer Ornithologie 120, 30-40 (1979).

Tucker, V. A. & Heine, C. Aerodynamics of Gliding Flight in a
Harris’ Hawk, Parabuteo Unicinctus. J. Exp. Biol. 149, 469-489
(1990).

Brown, C. A. The Effect of Camber on Thin Plate Low Aspect Ratio
Wings at Low Reynolds Numbers. (University of Notre Dame, 2001).
Waldrop, L. D., He, Y., Hedrick, T. L. & Rader, J. A. Functional mor-
phology of gliding flight I. Modeling reveals distinct performance
landscapes based on soaring strategies. Integr. Comp. Biol. 60,
1283-1296 (2020).

van den Berg, C. & Rayner, J. M. V. The moment of inertia of bird
wings and the inertial power requirement for flapping flight. J. Exp.
Biol. 198, 1655-1664 (1995).

Bergou, A. J. et al. Falling with Style: Bats Perform Complex Aerial
Rotations by Adjusting Wing Inertia. PLOS Biol. 13, 1002297 (2015).

Nature Communications | (2023)14:7494


https://doi.org/10.6084/m9.figshare.16899580
https://doi.org/10.6084/m9.figshare.16899580
https://doi.org/10.6084/m9.figshare.16899580
https://doi.org/10.6084/m9.figshare.16899580
https://doi.org/10.1007/978-3-030-13739-7_9
https://doi.org/10.1007/978-3-030-13739-7_9
https://doi.org/10.1038/s41559-019�1070-4
https://doi.org/10.1101/816603

Article

https://doi.org/10.1038/s41467-023-43108-2

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Lin, T., Zheng, L., Hedrick, T. & Mittal, R. The significance of
moment-of-inertia variation in flight manoeuvres of butterflies.
Bioinspir. Biomim. 7, 044002 (2012).

Lentink, D. et al. How swifts control their glide performance with
morphing wings. Nature 446, 1082-1085 (2007).

Pennycuick, C. J. A Wind-Tunnel Study of Gliding Flight in the
Pigeon Columba Livia. J. Exp. Biol. 49, 509-526 (1968).

Cheney, J. A. et al. Bird wings act as a suspension system that
rejects gusts. Proc. R. Soc. B: Biol. Sci. 287, 20201748 (2020).
Reynolds, K. V., Thomas, A. L. R. & Taylor, G. K. Wing tucks are a
response to atmospheric turbulence in the soaring flight of the
steppe eagle Aquila nipalensis. J. R. Soc. Interface 11,

20140645 (2014).

Harvey, C., Baliga, V. B., Wong, J. C. M., Altshuler, D. L. & Inman, D. J.
Birds can transition between stable and unstable states via wing
morphing. Nature 603, 648-653 (2022).

Cheney, J. A. et al. Raptor wing morphing with flight speed. J. R.
Soc. Interface 18, 20210349 (2021).

Baliga, V. B., Szabo, I. & Altshuler, D. L. Range of motion in the avian
wing is strongly associated with flight behavior and body mass. Sci.
Adv. 5, 6670 (2019).

Harvey, C., Baliga, V. B., Lavoie, P. & Altshuler, D. L. Wing morphing
allows gulls to modulate static pitch stability during gliding. J. R.
Soc. Interface 16, 20180641 (2019).

Bribiesca-Contreras, F., Parslew, B. & Sellers, W. I. Functional mor-
phology of the forelimb musculature reflects flight and foraging
styles in aquatic birds. J. Ornithol. 162, 779-793 (2021).
Weis-Fogh, T. Energetics of Hovering Flight in Hummingbirds and in
Drosophila. J. Exp. Biol. 56, 79-104 (1972).

Shyy, W. et al. Recent progress in flapping wing aerodynamics and
aeroelasticity. Prog. Aerosp. Sci. 46, 284-327 (2010).

Adams, D. C. Evaluating modularity in morphometric data: chal-
lenges with the RV coefficient and a new test measure. Methods
Ecol. Evolution 7, 565-572 (2016).

Adams, D. C. Comparing Evolutionary Rates for Different Pheno-
typic Traits on a Phylogeny Using Likelihood. Syst. Biol. 62,
181-192 (2013).

Jones, K. E., Benitez, L., Angielczyk, K. D. & Pierce, S. E. Adaptation
and constraint in the evolution of the mammalian backbone. BMC
Evolut. Biol. 18, 172 (2018).

Corning, W. R. & Biewener, A. A. In vivo strains in pigeon flight
feather shafts: implications for structural design. J. Exp. Biol. 201,
3057-3065 (1998).

Denton, J. S. S. & Adams, D. C. A new phylogenetic test for com-
paring multiple high-dimensional evolutionary rates suggests
interplay of evolutionary rates and modularity in lanternfishes
(Myctophiformes; Myctophidae). Evolution 69, 2425-2440 (2015).
Rader, J. A. & Hedrick, T. L. Aerodynamics, not load, predicts avian
wing thickness. in. Integr. Comp. Biol. 59, E187-E187 (2019).
Ellington, C. P. & Lighthill, M. J. The aerodynamics of hovering insect
flight. Il. Morphological parameters. Philos. Trans. R. Soc. Lond. B,
Biol. Sci. 305, 17-40 (1984).

Kipp, F. A. Der Handfllgel-Index als flugbiologisches Mal. Vogel-
warte 20, 77-86 (1959).

Altshuler, D. L. Kinematics of hovering hummingbird flight along
simulated and natural elevational gradients. J. Exp. Biol. 206,
3139-3147 (2003).

Altshuler, D. L., Quicazan-Rubio, E. M., Segre, P. S. & Middleton, K.
M. Wingbeat kinematics and motor control of yaw turns in Anna’s
hummingbirds (Calypte anna). J. Exp. Biol. 215, 4070-4084 (2012).
Hedrick, T. L., Tobalske, B. W., Ros, I. G., Warrick, D. R. & Biewener, A.
A. Morphological and kinematic basis of the hummingbird flight
stroke: scaling of flight muscle transmission ratio. Proc. R. Soc. B
279, 1986-1992 (2012).

67. Ortega-Jimenez, V. M., Badger, M., Wang, H. & Dudley, R. Into rude
air: hummingbird flight performance in variable aerial environ-
ments. Philos. Trans. R. Soc. B 371, 20150387 (2016).

68. McGahan, J. Gliding Flight of the Andean Condor in nature. J. Exp.
Biol. 58, 225-237 (1973).

69. McGahan, J. Flapping Flight of the Andean Condor in nature. J. Exp.
Biol. 58, 239-253 (1973).

70. Weimerskirch, H., Guionnet, T., Martin, J., Shaffer, S. A. &
Costa, D. P. Fast and fuel efficient? Optimal use of wind by
flying albatrosses. Proc. R. Soc. Lond. Ser. B: Biol. Sci. 267,
1869-1874 (2000).

71.  Weimerskirch, H., Salamolard, M., Sarrazin, F. & Jouventin, P.
Foraging Strategy of Wandering Albatrosses Through The Breeding
Season: A Study Using Satellite Telemetry. Auk 110, 325-342 (1993).

72. Dunning Jr., ). CRC Handbook of Avian Body Masses. (CRC
Press, 2007).

73. Jetz, W., Thomas, G. H., Joy, J. B., Hartmann, K. & Mooers, A. O. The
global diversity of birds in space and time. Nature 491, 444-448
(2012).

74. Rubolini, D., Liker, A., Garamszegi, L. Z., Mgller, A. P. & Saino, N.
Using the BirdTree.org website to obtain robust phylogenies for
avian comparative studies: A primer. Curr. Zool. 61, 959-965 (2015).

75. Revell, L. J. phytools: an R package for phylogenetic comparative
biology (and other things). Methods Ecol. Evolution 3,

217-223 (2012).

76. Harmon, L. J., Weir, J. T., Brock, C. D., Glor, R. E. & Challenger, W.
GEIGER: investigating evolutionary radiations. Bioinformatics 24,
129-131 (2008).

77. R Development Core Team. R: A Language and Environment for
Statistical Computing. (2022).

78. Blomberg, S. P., Garland, T. & Ives, A. R. Testing for phylogenetic
signal in comparative data: behavioral traits are more labile. Evo-
lution 57, 717-745 (2003).

79. Pagel, M. Inferring the historical patterns of biological evolution.

Nature 401, 877-884 (1999).

Guillerme, T. dispRity: A modular R package for measuring dis-

parity. Methods Ecol. Evolution 9, 1755-1763 (2018).

81. Stigler, M. & Quast, B. rddtools: Toolbox for Regression Discontinuity
Design (‘RDD’). R package version 0.4. 0. (2015).

80.

Acknowledgements

We thank the North Carolina Museum of Natural Sciences, especially
Brian O’Shea and John Gerwin, for access to specimens and assistance
throughout the wing scanning operation. We also thank Alaowei Amanah,
Eli Bradley, Sophia Chizhikova, Elliot Cho, Lucy Herrero, Russel Lo, Raghu
Padma, Alva Ronn, Colton Sanders, Sarah Yaghoubi, and Zhitong Yu, for
their tireless efforts scanning wings. Pranav Khandelwal provided
thoughtful discussion and feedback throughout the project. Lindsay
Waldrop, Pranav Khandelwal, Brenna Hansen and Sonja Friman gave
helpful feedback on an earlier draft of the manuscript. We are grateful to
the Associate Editor, Stephanie McClelland and two anonymous review-
ers for their helpful commentary and suggestions that improved this
manuscript. Funding for this work was provided by the National Science
Foundation 10S-1253276 to TLH, NSF DEB 1737752 to Daniel R. Matute,
and a Sigma Xi GIAR award to JAR. We also thank NextEngine, Inc. for
providing financial support for wing scanning equipment and software.

Author contributions

Conceptualization: J.A.R., T.L.H., Methodology: J.A.R., T.L.H., Investiga-
tion: J.A.R., T.L.H., Visualization: J.A.R., Supervision: T.L.H., Writing—
original draft: J.A.R., Writing—review & editing: J.A.R., T.L.H.

Competing interests
The authors declare no competing interests.

Nature Communications | (2023)14:7494

10



Article

https://doi.org/10.1038/s41467-023-43108-2

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-43108-2.

Correspondence and requests for materials should be addressed to
Jonathan A. Rader.

Peer review information Nature Communications thanks the anon-

ymous reviewers for their contribution to the peer review of this work.

A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:7494


https://doi.org/10.1038/s41467-023-43108-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Morphological evolution of bird wings follows a mechanical sensitivity gradient determined by the aerodynamics of flapping�flight
	Results
	Morphological modularity
	Morphological disparity
	Evolutionary tempo and phylogenetic�signal

	Discussion
	Bird wings are modular structures
	Trait evolution follows a gradient rather than modules
	Additional considerations

	Methods
	Wing scanning and measurement
	Phylogenetics
	Morphological modularity analysis
	Modularity
	Disparity
	Evolutionary modularity analysis
	Evolutionary tempo and�mode
	Effects of sampling and phylogenetic uncertainty
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




