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SUMMARY

The evolution of morphological diversity is ultimately governed by physical laws and ecological contexts,
which together impose arange of ecophysical constraints. Substantial progress has been made in identifying
how these constraints shape the form and function of producers (plants), but similar knowledge is lacking for
consumers, in part because the requisite data have not been available at sufficient scale for animals. Using
morphometric measurements for all birds, we demonstrate that observed variation is restricted—both for
beak shape and body shape—to triangular regions of morphospace with clearly defined boundaries and
vertices (corners). By combining morphometric data with information on ecological and behavioral functions,
we provide evidence that the extent of avian morphospace reflects a trade-off between three fundamental
physical tasks for feeding (crush, engulf, and reach) that characterize resource acquisition and processing
by the beak and three physical tasks (fly, swim, and walk) that characterize avian lifestyles or locomotion.
Phylogenetic analyses suggest that trajectories of morphological evolution trend toward the vertices, with
lineages evolving from a core of functional generalists toward more specialized physical tasks. We further
propose that expansion beyond the current boundaries of morphospace is constrained by the shorter evolu-
tionary lifespan of functional specialists, although patterns of speciation rate and current extinction risk pro-
vide only weak support for this hypothesis. Overall, we show that the structure of avian morphospace follows
relatively simple rules defined by ecophysical constraints and trade-offs, shedding light on the processes

shaping modern animal diversity and responses to environmental change.

INTRODUCTION

Over billions of years of evolution, life has explored an enormous
diversity of physical forms. This morphological diversity largely
reflects the variety of different strategies employed by organisms
for capturing and allocating resources and for exploiting environ-
ments with radically different physical states and properties.'™
Yet, the range of morphological forms in existence often seems
highly constrained in comparison to all geometrically possible
options.®” Explanations for the limits to morphological diversity
tend to focus on genetic constraints, developmental limitations,
or historical contingency,® placing less emphasis on constraints
relating to the physical environment. Nonetheless, all organisms
must ultimately abide by the universal laws of physics,®
imposing bounds on the range and combination of traits that
are biomechanically possible given a particular body plan and
that are viable in a world of relentless competition and selec-
tion.®""'? Understanding the strength, nature, and identity of
these physical constraints is essential not only for explaining
the evolution of phenotypic diversity within and across spe-
cies," ' but also for predicting the adaptive capacity and

resilience of populations under rapid environmental change.'>'®

However, despite this fundamental importance, we lack a
comprehensive understanding of how the physical environment
organizes and limits the diversity of morphological forms
observed in nature, especially among heterotrophic animals
that comprise much of global biodiversity.

Constraints to evolution imposed by the physical environment
(i.e., ecophysical constraints) are expected to lead to regular pat-
terns in the distribution of morphological forms, shapes, and
structures of organisms across multivariate trait space, or “mor-
phospace.”'”'® In particular, because organisms are subject to
multiple physical constraints, this results in fundamental trade-
offs, with improved performance in one functional task coming
at the expense of weaker performance in other tasks.”'® In
this case, natural selection is expected to optimize organismal
performance across these multiple tasks, eliminating combina-
tions of traits where overall performance is reduced and favoring
morphological solutions that align along a limited number of in-
dependent dimensions.'” The co-variation between multiple as-
pects of organism function and body size represents one such
axis along which morphological diversity is organized.”>" The
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Figure 1. The volume and shape of avian beak morphospace
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(A) Empirical beak morphospace and (B and C) alternative null models of morphospace occupation are shown. Points show species (n = 9,942) in 3D beak space
defined by beak length, width, and depth measurements. Green polygons show the boundary of the convex hull enclosing all species, with dark green points
indicating the vertices of the hull. The density of species is projected onto each 2D plane. Dark shading indicates a higher density. (B) Null model 1 assumes there
are no trade-offs among beak trait dimensions or selection against extreme beak forms. (C) Null model 2 assumes beak trait dimensions vary independently, but
extreme beak forms are not viable. The volume of morphospace occupied by real beaks and each null model is indicated.

See also Figure S1.

advent of large-scale datasets characterizing whole-organism
plant form has identified additional axes of constraint acting on
photosynthesizing primary producers,?>?® providing an orga-
nizing framework for understanding and predicting how autotro-
phic species and communities respond to environmental
change.’?*2° By contrast, due to a lack of quantitative morpho-
logical data, the search for the key constraints and trade-offs
shaping the evolution of morphological diversity across higher
trophic levels has lagged far behind, despite the critical role of
these organisms in driving ecosystem processes and supporting
plant diversity.?%*”

Here, we test for constraints on the morphospace occupied by
birds, which, despite conservatism in their body plan, have radi-
ated across multiple trophic levels and physical environments.”
Exceptionally, owing to recent sampling efforts, quantitative
data are now comprehensively available for a number of key
morphological traits, allowing us to characterize the size and
shape of morphospace occupied by almost all ~10,000 extant
bird species.?® We initially focus on variation in the beak, the pri-
mary anatomical apparatus used by birds for resource acquisi-
tion and processing, which offers a model system for under-
standing the functional, developmental, and genetic basis of
trait variation.”*' We use the term “function” in its broadest
sense to mean the action of a morphological trait.*?

Using linear measurements of beak length, width, and depth,
we first characterize the volume and geometry of beak morpho-
space. We demonstrate that beaks occupy a highly restricted vol-
ume of what is geometrically possible, with variation in beak shape
largely restricted to a triangular region of morphospace that re-
flects trade-offs among three main physical tasks required for
acquiring and processing resources. Using measurements
of the tail, wing, and tarsus, we show that variation in bird body
shape is similarly restricted to a triangular region of morphospace,
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reflecting trade-offs among optimal modes of locomotion through
different physical environments. Finally, we explore the macro-
evolutionary flux of lineages through morphospace to assess
how ecophysical constraints and trade-offs have shaped avian di-
versity over deeper timescales, viewed through the lens of speci-
ation rates and extinction risk.>>>” The overall goal is to evaluate
whether ecophysical rules provide a potential framework for un-
derstanding the evolution of morphological diversity and species
resilience to global environmental change.

RESULTS AND DISCUSSION

Global beak morphospace

Based on log-transformed linear measurements of beak length,
width, and depth, we used the convex hull enclosing all species
to calculate the volume and shape of a 3D beak morphospace
occupied by birds (Figure 1A). We compared this to two different
null models that make contrasting assumptions about how spe-
cies could be distributed throughout beak morphospace. Null
model 1 assumes that trade-offs are absent and that within the
observed extremes any combination of traits is equally viable.
This leads to a morphospace resembling a cube (Figure 1B).
We found that real beaks only occupy 14% of the volume of mor-
phospace expected under null model 1 (Figure S1A), indicating
that covariance among beak traits and/or selection against
extreme trait combinations (i.e., the minimum or maximum
values of multiple traits in the same species) limits the variety
of beak forms. A higher covariance among traits is clearly the
major factor because, despite exhibiting more extreme trait
values, real beaks only occupy 29% of the volume of morpho-
space expected under null model 2, in which traits vary indepen-
dently but where extreme trait combinations are not permitted
(Figures 1C and S1A). In other words, trade-offs among traits,
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Figure 2. Trade-offs constrain beak and body shape variation to simple triangles

(A) Beak principal component (PC) 2 and 3 describe variation in relative beak length (PC2) and relative width and depth (PC3).

(B) Body PC2 and PC3 describe variation in relative length of the legs versus wings (PC2) and the tail (PC3). Gray points show the distribution of individual species
in morphospace for beak shape (n = 9,942) and body shape (n = 9,926). Black circles show the position of “archetypes” (i.e., vertices) defining the best-fitting

triangle for describing beak and body shape variation.

(C) Primary feeding techniques mapped across beak morphospace.
(D) Primary physical tasks mapped across beak morphospace.

(E) Primary physical tasks mapped across body morphospace.

The color and shade of occupied cells in lower panels indicate relative prevalence of physical tasks. In (D) and (E), the names of archetypal tasks follow definitions
in Table 1. Examples of species close to archetypal positions are included with permission from Lynx Nature Books and Cornell Lab of Ornithology (see ac-

knowledgments).
See Figures S2-S6 and Tables S1 and S2.

rather than restrictions on extreme trait combinations per se,
appear to be the primary way in which observed variation in
beak form is constrained below what is geometrically possible.

A principal-component analysis (PCA) indicates that the main
dimension of beak form variation represents differences in size,
with PC1 capturing 86% of the variance in beak dimensions
(Table S1). Beak size varies by >5 orders of magnitude across
species—from the Antillean palm swift Tachornis phoenicobia
to the Shoebill Balaeniceps rex—likely reflecting the enormous
variation in the size of exploited food items,>*" as well as addi-
tional selective pressures, such as thermoregulation.*®*° Each
trait has an almost equivalent loading on PC1, indicating that
beak shape is largely invariant with size (Table S1) so that the
most massive beaks are essentially scaled-up versions of the
smallest beaks (Figure 1A). Given the observed bounds of
each beak trait, bird beaks have evolved to occupy almost the

full range (84%) of geometrically possible sizes, from the most
massive to the most miniature (Figure S1B). Taken together,
these results reveal how the restricted volume of beak morpho-
space largely reflects a high co-variation among beak traits that
results in a lack of extreme shapes rather than simply restrictions
on size. To examine constraints on the beak independent of size,
we focused the rest of our analyses on the variation in the second
and third dimensions of beak principal component (PC) space,
which describe the relative length (PC2) and relative width and
depth (PCQ3) of the beak, respectively.

Geometry of beak shape variation

Rather than occupying an amorphous region across the 2D
plane defined by PC2 and PC3, beak shape morphospace re-
sembles a triangle, with diffuse but relatively clearly defined
edges and vertices (Figure 2A). Morphospaces conforming to
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simple geometrical patterns, like lines, triangles, or trapezoids,
are predicted by optimization theory when there are trade-offs
to performing a limited number of tasks.'”“° According to this
theory, performance of a given task is optimized at a single point
in morphospace and declines away from this “archetype.” When
selection acts on the performance of two tasks, trade-offs will
cause species traits to be organized along the line connecting
the two archetypes. This region where performance is maxi-
mized is termed the Pareto front. With trade-offs among three
tasks, the Pareto front expands to occupy a triangular region
of morphospace, with each vertex of the triangle corresponding
to realized or theoretical trait combinations that are specialized
to perform one of the three tasks.'” With a large number of
tasks, morphospace would increasingly resemble a circle.
Thus, according to this theory, the number of vertices defining
morphospace is indicative of the number of trade-offs shaping
morphological diversity.

To formally test how well beak shape morphospace conforms
to a triangle, we fitted to the boundaries of the empirical point
cloud a series of polygons, varying both the number and location
of vertices. When polygons are allowed to take irregular shapes,
adding more vertices (i.e., archetypes) will always improve fit.
However, we found that the improvement in fit beyond three
vertices is marginal (Figure S2). For regular polygons, adding
more than three vertices results in a poorer fit (Figure S3), con-
firming the visual impression that beak shape morphospace
can be well described by a triangle. This triangular pattern is
not an artifact of the simple linear measurements we used to
characterize beak morphospace because we recovered the
same triangular geometry when using the two primary shape
axes derived from 3D beak scans available for a subset of spe-
cies (Figure S4A). A triangular pattern is also robust to including
PC1 (i.e., beak size) and modeling the position of archetypes in
3D beak morphospace, indicating that the morphological form
of archetypes is replicated across species with small and large
beaks (Figure S5A). While PCA on skewed trait distributions
can generate apparently triangular shapes, null model simula-
tions using a randomized set of the real trait values show that
skewness alone is unlikely to explain the triangular shape of
the avian morphospace (p < 0.05; Table S2, randomized (RND)
null model). Simulations of trait evolution assuming a Brownian
motion (BM) model also show that morphospaces with few
vertices cannot be explained simply by the unbalanced shape
of the avian phylogeny (p < 0.05; Table S2, BM null model).

The first archetype (A1) of beak shape morphospace de-
scribes beaks that are short, narrow, and deep (Figure 2A). The
second archetype (A2) describes beaks that are long relative to
their width and depth. The third archetype (A3) describes beaks
that are of intermediate length, flat, and wide. A possible fourth
archetype (Figure S2D) corresponds to long, deep, and laterally
flattened beaks such as those of Skimmers (genus Rynchops)
and Puffins (genus Fratercula). These aquatic species have
knife-like or hatchet-like beaks apparently designed for slicing
through water and, in the latter case, digging soil. However,
this vertex is shallow, weakly supported, and potentially reflects
curvature in the edge of morphospace, between archetypes A1
and A2. Such curved edges connecting archetypes are not unex-
pected under the Pareto front concept and can arise if the perfor-
mance of a task is optimized across a region rather than at a
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particular point in morphospace or if changes in performance
of a given task do not occur uniformly across morphospace.'®
While the restricted volume and geometry of beak morphospace
are consistent with the idea that trade-offs among a small
number of tasks have constrained the variety of beak forms, a
stronger test requires identifying these tasks and how they are
distributed across beak morphospace.

Tradeoffs constraining beak form and function

Bird beaks are used in multiple ecological contexts, including nest
building®’ and thermoregulation,*®*° but their most essential role
is the acquisition and processing of resources.>*> We hypothe-
size that the triangular shape of beak morphospace represents
trade-offs between three extreme physical tasks—to crush,
reach, or engulf food. All beaks require resistance to structural
stress (i.e., yield strength) to avoid fracturing, but this requirement
is particularly acute for species crushing hard food items (e.g.,
seeds). A crushing action requires resistance to bending in the
dorsoventral direction, which, for a given beak size, can be
achieved by a relative deepening of the beak (i.e., low PC2 and
high PC3).'**® This beak geometry corresponds to archetype 1
in the top left region of beak shape morphospace. However, a
relatively deeper beak comes at the expense of a slower closing
velocity and a reduction in the efficiency of prey acquisition,**
which should be maximized by either a relative widening (i.e.,
lower PC3) or elongation (i.e., higher PC2) of the beak to either
engulf or reach food. All else being equal, extreme widening of
the beak (archetype 3) maximizes the open-mouth surface area,
which tends to increase the quantity of plant material harvested
during grazing,*® the volume of water that can be filtered for
food,*® or the ability to capture prey in flight."” By contrast,
extreme elongation of the beak (archetype 2) provides a longer
closing surface and sweeping circle for capturing fast-moving
prey,*>*® as well as a probing device for accessing animals con-
cealed in a variety of crevices or buried in soft sediments, or the
nectar within flowers. Crucially, for a given beak size, increases
in the capacity to crush, engulf, or reach food are expected to
come at the expense of performing the other physical tasks.

We currently lack experimental data on task performance at
global scales, so instead we provide a coarse-level assessment
of how these tasks map onto beak morphospace using informa-
tion on ten feeding behaviors describing the techniques used by
species to obtain and process these resources (Tables 1 and
S3). For each feeding technique (Figure 2C), we developed a heu-
ristic scoring system that, although highly simplified, aims to cap-
ture the relative reliance on each physical task (Table S3). For
example, probing for nectar relies on a long reach but no capacity
to crush or engulf, so it would receive a score of 1, 0, and 0 for
these tasks, respectively. Other cases are more challenging to
score. For example, behaviors involving hammering or tearing
require resistance to bending stress during impact and torsional
loading, respectively. While distinct from the task of crushing,
these feeding techniques share the same requirement for a high
yield strength, and so to reflect this, they would also receive pos-
itive scores for the crush task. Despite these challenges, we found
that the three beak physical tasks map out with remarkable fidelity
to the three vertices of beak morphospace in a way that matches
expectations (Figure 2D). At each vertex, species are specialized
at using a single physical task, with the specialization on that task
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Table 1. Summary of ecological variables

Concept Definition

Feeding technique

specific method or behavior employed by a bird to acquire and process food using its beak.

In our study, we distinguish 10 feeding techniques: tearing, crushing, engulfing, filtering,
sweeping, grazing, hammering, plucking, probing, and spearing (see definitions in Table S3).

Foraging niche

specific ecological role that a species occupies, combining both the foraging behavior used

by birds to search for or capture their preferred food sources within their respective habitats
and the type of food eaten. In our study, we distinguish 32 foraging niches, e.g., “Frugivore ground” or
“Invertivore aerial screening” (see definitions in Table S4).

Physical task

primary goals or tasks that a certain phenotype is adapted to achieve in relation to feeding

or foraging. We define three main physical tasks for beak shape (crush, reach, and engulf)

and three physical tasks for body shape here corresponding to efficient movement through

(or over) the three different states of matter (fly, walk, and swim). The scores for mapping feeding
techniques and foraging niches to each physical task are included in Tables S3 and S4. The names
applied to archetypal tasks are simplified for clarity. For example, bird beaks are designed

to crush, reach, or engulf, with crush being a catch-all term for tasks requiring strong bite force,

such as cutting or tearing.

Definitions of the different types of ecological variables related to food acquisition and locomotion used in the study. See Tables S3 and S4 for full

definitions.

then declining away from that vertex (Figures 2D and 3A-3C).
Species positioned away from the vertices, either along the
boundaries or in the center of morphospace, feed in ways that
require balancing the capacity for two and three different physical
tasks, respectively. These findings were robust to varying the pre-
cise way we scored physical tasks for each feeding technique
(Figures SBA-S6C). The distribution of ecophysical specialists
and generalists in morphospace is consistent with the idea that
trade-offs among a small number of primary physical tasks
constrain the set of realized beak forms across the avian radiation.
Further studies are required to corroborate this evidence using
more highly refined quantitative data, including estimates of func-
tional performance and additional axes of beak shape variation
(e.g., curvature).®’

Ecophysical constraints on body morphospace

The beak is the principal apparatus used by birds for acquiring
and processing resources, yet it only provides an incomplete
description of the trophic niche. For example, species with simi-
larly shaped beaks can use substantially different foraging stra-
tegies, each describing how organisms move through the envi-
ronment to locate and procure their food (Table 1). To address
this, we extended our analysis to consider constraints on varia-
tion in body shape using a PCA of the key traits linked to locomo-
tion in birds: the wing, tail, and tarsus (Table S1). We found that
the same patterns of constraint identified for beak shape also
apply to body shape. Specifically, body shape morphospace
defined by PC2 and PC3 is well described by a polygon with
three vertices (Figure 2B; see body shape in Figures S2 and
S3). We hypothesized that this triangular shape reflects con-
straints on movement imposed by the three primary physical
states of matter inhabited or exploited by species: air, water,
and solid substrates.*°~®" For the purpose of simplified models,
we broadly characterize these imperatives as the capacity to fly,
swim, or walk, while recognizing that each of these physical
tasks belies a diversity of finer-grained behavioral variation
(e.g., walking, running, hopping, and climbing are here treated
simply as variants of the capacity to walk).

To examine this hypothesis in our ecomorphological frame-
work, we mapped the distribution of physical tasks across
body morphospace using data on species foraging niches that
describe diet, habitat use, and behavior (Tables 1 and S4),
scoring these according to their reliance on each of the three
body physical tasks. We find that the three vertices of the Pareto
front correspond to body forms specialized to swim (A1), walk
(A2), or fly (A3), with intermediate forms being more generally
associated with multiple physical media (Figures 2E and 3D-
3F). Thus, similarly to beak shape, our results suggest that the
primary axes of variation in body shape are also constrained
by trade-offs among a small number of physical tasks, in this
case related to three locomotory modalities.

Evolutionary dynamics of a bounded morphospace

The bounded nature of bird beak and body morphospace in-
ferred by our analysis helps explain several macroevolutionary
trends. The evolution of beak shape among extant birds is char-
acterized by an early expansion of disparity, while over the last
~50 million years the volume of beak morphospace has re-
mained relatively stable, despite rapid and ongoing species evo-
lution.®" During this latter period of morphospace infilling, evolu-
tionary convergence has been pervasive, with distantly related
bird lineages repeatedly converging on the same regions of
beak and body morphospace.?? The constraints on morpho-
space that we identify could explain both the stalling of beak dis-
parification and the widespread evolutionary convergence in
morphology, as divergence into novel regions of morphospace
is limited.

To explore how bird morphospace has filled over time, we per-
formed a phylogenetic reconstruction of beak and body shape,
analyzing the flux of phenotypic evolution across morphospace
by comparing the morphological position of descendant and
ancestor nodes. Allowing for variation in rates of evolution across
lineages and over time, we inferred a net outward flow of line-
ages from the densely packed core to the periphery and corners
of the Pareto front: 63.7% of lineages for beak (Figure 4A) and
64% for body shape (Figure 4B). This pattern could be expected
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Figure 3. Specialization on each physical
task as a function of the distance the corre-
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Results are shown for beak (A-C) and body (D-F)
shape morphospace (n = 9,942 and n = 9,926
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simply for geometric reasons®® (see STAR Methods), so we
compared our reconstructions to those expected under a null
variable rate model of Brownian trait evolution. We found that lin-
eages were more likely to evolve outward to the vertices of beak
and body shape morphospace than expected by chance. For
beak shape, this non-random trend was evident both globally
(null model: 95% CI 54.7%-60.9%, pnui < 0.01) and within local-
ized regions of beak morphospace (i.e., local directionality
tested within grid cells covering morphospace, see STAR
Methods). For body shape, the null model of random evolution
could not be rejected at a global scale (null model 95% CI
62.1%-65.0%, pnu < 0.33), but within those localized regions
of body shape morphospace where the null model could be re-
jected, an average outward trajectory was far more common
(87% of cases of arrows moving outward in Figure 4B) than an
average inward (13% of arrows) trajectory. Together, these re-
sults support the hypothesis that, despite much heterogeneity,
lineages tend to evolve greater specialization on singular phys-
ical tasks over macroevolutionary time.***> These inferences
should be interpreted with caution given the coarse nature of
the data and the known challenges of inferring long-extinct
ancestral forms.*® Besides, a potential net outward flow of line-
ages does not explain the bounded structure of morphospace,
nor the greater concentration of species in its core compared
with the edges of the Pareto front.?*>"

One possible explanation for the relative scarcity of species
near and beyond the boundaries of the Pareto front might be a
higher risk of extinction of functionally specialized species,**°
lower rates of speciation, or both.®” Mapping the incidence of
currently threatened species and of lineages with historically
fast speciation rates reveals extinction (Figures 4C and 4D) and
speciation (Figures 4E and 4F) hotspots across beak and body
morphospace. These hotspots of high extinction risk and speci-
ation rate tend to cluster around the edges and often near the
corners of the Pareto front (i.e., archetypes) where functional
specialization is highest. The possibility of peripheral hotspots
of extinction and speciation is intriguing because it suggests a
dynamic of greater macroevolutionary turnover of lineages at
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the edge of the Pareto front, which could accelerate the creation
of new ecological opportunities, thereby driving the net outward
flow of lineages from the core, while also capping the density of
species at the edge (Figures 4A and 4B).

Further research is needed to evaluate this possibility, as the
patterns detected in our analyses are noisy and inconclusive.
Some peripheral regions of morphospace are not consistently
associated with increased extinction (e.g., body A3) or specia-
tion (e.g., body A1) (Figures 4D and 4F). In addition, in species-
level models accounting for phylogenetic non-independence
and other potential confounding variables, we found that there
was no consistent effect of distance to archetypes on speciation
rates, with extinction risk only significantly increasing toward
body and not beak archetypes (Table S5). Thus, while the distri-
bution of current threat across morphospace is in line with the
notion that specialized species are more sensitive to anthropo-
genic environmental change,”®°° our global analysis suggests
that physical specialization may not consistently predict rates
of speciation or extinction.

A potential explanation for the inconsistency of these findings
is that a focus on current patterns of threat and recent rates of
speciation may fail to capture the macroevolutionary dynamics
that have shaped morphospace throughout avian history.?%%’
Future work could focus on incorporating data from prehistoric
extinctions®” to evaluate if species beyond the edge of the Par-
eto front indeed experience higher turnover. Alternatively, if the
lack of a general link between diversification dynamics and phys-
ical specialization does also operate over deep macroevolu-
tionary time, this would suggest that the triangular boundary of
avian beak and body morphospace is not maintained by selec-
tion at or above the species level,%® but instead reflects micro-
evolutionary processes, with constraints on adaptation inhibiting
the evolution of more extreme trait combinations. The edges to
morphospace that these constraints impose need not corre-
spond to “hard” boundaries beyond which trait combinations
are physically impossible.®'° After all, the peripheral regions of
trait space beyond the Pareto front are sparsely filled but not
completely empty, containing ecomorphological oddities such
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Figure 4. Macroevolutionary dynamics of beak and body shape morphospace

(A and B) Species richness and the mean direction of trait evolution (arrows) mapped across beak and body shape morphospace. Predicted probability of a
species being threatened with extinction (C and D) and being in the top speciation rate quartile (E and F) mapped across beak and body morphospace. Ar-
chetypes defining the triangular Pareto front are indicated as black points. In (A and B), arrows show the mean direction of evolution along the branches re-
constructed to intersect each grid cell. Longer vectors indicate a greater consistency in direction (i.e., a lower variance). Arrows are replaced with points if the
consistency in the direction of evolution was no greater than expected under a model of random trait diffusion.

See also Figure S7 and Table S5.

as Horned Puffin (Fratercula corniculata), Royal Spoonbill (Plata-
lea regia), and Indian Skimmer (Rynchops albicollis) for beak
shape and Lyre-tailed nightjar (Uropsalis lyra), Béhm’s Spinetail
(Neafrapus boehmi), and the Emu (Dromaius novaehollandiae)
for body shape. Instead, we suggest that trade-offs constrain
most species to occur within the triangular Pareto front,'”'®
while the relaxation of selection due to key innovations or
geographical isolation from competitors®*° allows some line-
ages to persist beyond the Pareto front. In any case, release
from these selective constraints appears to be sufficiently
rare or fleeting to maintain the overall triangular structure of
morphospace.

Functional specialization and the limits of

morphological evolution

While trade-offs among a limited number of physical tasks
appear to constrain the shape of avian morphospace, ecological
limits to coexistence could cause variation in species density
within these bounds. The central core of high species density
(Figures 4A and 4B) is largely composed of predators that glean
invertebrates from plant surfaces (Figures S7A and S7B) for
which the structural complexity of the habitat and the enormous
diversity of prey items could lead to a finer partitioning of ecolog-
ical niches, thus enhancing species coexistence.**°%*” Our data
support this explanation, showing that species near the center of
morphospace have narrower foraging niches, consistent with

the compression of niche breadth linked to high species packing
(Figures S7A and S7B). Our results further show that this ecolog-
ical niche specialization does not correspond to physical
specialization and that arboreal gleaning invertivores—which
comprise by far the most diverse foraging niche—are actually
generalists in their physical tasks (Figures S7C and S7D). In ef-
fect, their beak shapes reflect a trade-off between crushing,
reaching, and engulfing prey, and their body shapes a trade-off
between frequent flight and perching (i.e., a combination of flying
and terrestrial locomotion).

The morphology of birds —with their feathered wings and kera-
tinous beaks —is unique in the animal kingdom, occupying only a
small subset of the enormous morphological variety of heterotro-
phic organisms. The limits to avian evolution inferred by our anal-
ysis would thus reflect the ecophysical constraints operating in
the context of the developmental pathways and body plan of
birds. Yet, these trade-offs would also seem sufficiently funda-
mental to suggest a general framework for organizing this wider
animal diversity. For evolutionary radiations spanning multiple
physical realms, our findings predict that the primary axes of
body shape variation should conform to lines, triangles, or
perhaps quadrilaterals, according to the number of physical
states of matter through or upon which organisms move.®%5°
Similarly, the fundamental trade-off of whether to crush, reach,
and engulf food that constrains beak evolution to a triangular
Pareto front could apply to the skulls of other vertebrates that
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also primarily catch and process resources using their mou-
ths.*®7° The deep beak of a cockatoo (A1; Figure 2A) cracking
the hard kernel of a seed resembles in its function the robust skull
of a bone-crunching hyena.”" A butterfly plucked in mid-flight by
the forceps-like beak of a jacamar (A2; Figure 2A) meets the
same fate as a fish snatched by the elongated jaws of a gharial,*®
and the wide gape of a frogmouth engulfing its soft-bodied prey
(Figure 2A; A3) draws parallels with a baleen whale hunting with
its huge jaws agape.“® While the diversity of body plans and the
lack of quantitative morphological data have previously hindered
efforts to integrate and combine morphospaces spanning multi-
ple animal classes, the identification of universal ecophysical
constraints can allow us to orientate and position species across
these trade-offs, moving us closer to a general and mechanistic
understanding of the origins, maintenance, and functioning of
animal biodiversity and how this responds to environmental
change.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Data on species ecological traits generated for this This study https://github.com/fsayol/BirdArchetypes
study (n = 9,993 species)

AVONET database for morphological data (n = 9,993 species), Tobias et al.?® https://doi.org/10.1111/ele.13898

from Tobias et al.?®

Data on beak scans (n = 2,028 species), from Cooney et al.*"' Cooney et al.”’ https://doi.org/10.1038/nature21074

Software and algorithms

R scripts to run all the analyses This study https://github.com/fsayol/BirdArchetypes

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

To quantify avian morphospace, we extracted linear measurements from the AVONET dataset?® for all known extant birds (n = 9,993
species) aligned with a global phylogeny.’> We then excluded from our analysis those species with missing information on any beak
or body traits, respectively. For example, we removed Kiwis (Apteryx) from the body-trait analysis because they are arbitrarily as-
signed values of 0.1 mm for wing length. In total, we included n = 9,942 species for beak traits and n = 9,926 for body traits. For
each species, we selected data for seven morphological traits known to predict trophic niche and locomotory behaviour in birds®"*:
beak length, width and depth, tarsus length, tail length, wing chord and Kipp’s distance (measured as the distance between the wing-
tip and the tip of the first secondary feather). These traits were measured using a consistent protocol from a sample of 89,963 indi-
viduals (mean of 9 individuals per species) using museum specimens and live individuals captured and released in the field. Most of
the variation in traits occurs among (98.25 %) rather than within (1.75 %) species, justifying the use of species mean trait scores.*®
While this dataset is of unparalleled scope, we acknowledge that it does not include other ecologically important aspects of
morphology, including the material properties of the beak’* or the morphology of the skull,”> muscle’® or foot.””

METHOD DETAILS

Principal components of morphological traits

To summarise variation in morphology across our species sample, we ran principal components analyses (PCA) on beak and body
traits, separately. All trait variables were log-transformed and z-scaled before PCA. In each analysis, the first PC represents variation
in size. In later analyses, we use body mass as a standard metric of body size but for beaks we use PC1 of the beak trait PCA (here-
after, we use beak size to mean scores on PC1). To examine morphological variation independent of size, we selected PCs repre-
senting shape (i.e. PC2 and PC3) and rescaled these to unit variance and a mean of zero prior to further analysis. Trait loadings for
each beak and body trait are provided in Table S1. Measures of beak length, width and depth capture relative differences in beak
dimensions but effectively assume a conical shaped beak. To ensure our results were not artefacts or treating beak shape in this
simplistic way, we repeated our analysis using the first and second PC axis from beak shape measurements for 2028 species based
on a Procrustes superimposition of landmarked 3D beak scans.®’

Feeding techniques and foraging niches

The experimental data required to objectively score beak functions is generally lacking so we used a simplified system based on
literature evidence to score the importance of three different beak physical tasks (crush, engulf and reach). To provide a first global
characterisation of the relative importance of these tasks, we developed a new dataset describing the % used of 10 broad feeding
techniques: plucking, crushing, tearing, hammering, spearing, probing, sweeping, filtering, grazing and engulfing (see Tables 1 and
S3). To efficiently score the % use of each beak feeding technique for all ~10,000 bird species, we performed a multi-step approach
that assigned a feeding technique to each of the 32 foraging niches recognized for birds® (See Tables 1 and S4) for each family of
birds (n = 194 families). Morphology and ecology are often strongly conserved at the family level, but we also subdivided certain fam-
ilies into genera or species when there was variability in the assignment of feeding technique to a foraging niche within families (see
examples below).

For each family, we used textual descriptions in the literature to identify the feeding techniques corresponding to each foraging
niche used by the species in that family. For this, we used an existing global database that provides species level scores of the relative
use of 32 different foraging niche categories,” each of which describes a combination of resource type (e.g. ‘invertivore’), foraging
behaviour (e.g. ‘glean’) and habitat (e.g. ‘ground’). For example, both kiwis (Apterygidae) and landfow! (Phasianidae) are assigned
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to the ‘Invertivore glean ground’ foraging niche but utilise different feeding techniques, ‘probing’ and ‘plucking’ respectively. We note
that while all species within a given family will receive the same beak feeding technique score for a particular foraging niche, the total
use of a given beak feeding technique can vary across species in that family due to differences among species in the use of each
foraging niche. For example, while all hummingbirds (Trochilidae) are scored as using a ‘probing’ feeding technique when foraging
for nectar, the % contribution of ‘probing’ to a species’ diet will vary as some species also obtain resources through other foraging
niches (e.g. ‘Invertivore aerial screening’, whereby invertebrates are caught while the bird is in continuous and prolonged flight) which
involve different feeding techniques (e.g. ‘plucking’).

Scoring beak-related physical tasks

To translate from beak feeding techniques to physical tasks, we scored the relative importance of the three different physical tasks
(crush, reach and engulf) for each of the feeding techniques birds employ (Table S3). While subjective, our scoring system is designed
to capture what is expected to be the primary selective pressure associated with each technique. For example, ‘crushing’ is a tech-
nique used for breaking open hard resources such as shells, seeds and nuts, and was assigned a score of 1 for ‘crush’ (and 0 for
‘reach’ and ‘engulf’). In contrast, ‘probing’ involves the relatively slow or gentle insertion of the beak into a crevice or sediment to
extract food and received a score of 1 for ‘reach’. ‘Engulfing’ involves maximising the open-mouth surface area for filtering plankton“®
or capturing moving aerial insect prey”’ respectively and received a score of 1 for ‘engulf’. Other feeding techniques likely rely on
multiple physical tasks. For instance, the use of a ‘hammering’ technique to obtain hidden food (e.g. within dead wood) requires
both a high resistance against fracturing but also reach to obtain the excavated prey and so was assigned a score of 0.5 for ‘crush’
and 0.5 for ‘reach’. For each feeding technique, we scored the relative importance of each task from 0 to 1 in 0.25-unit intervals, with
the exception of ‘plucking’ which was given an equal weight across tasks. With these scores, the importance of each physical task to
each species was calculated by multiplying the importance score for a feeding technique by the % use of that technique.

Scoring body-related physical tasks

Scoring the importance of different locomotory modes for each species is challenging because quantitative data on the proportion of
time or resources captured using different movements is not available for many species at a global scale. We therefore developed a
simple system for translating our existing species level database” describing the relative use of 32 foraging niche categories into
scores that capture the requirement to fly, swim or walk (See Table S4). We acknowledge that each of these coarse categories
encompass a variety of different movements. For example, our ‘walk’ task includes walking, running, hopping and climbing. The
‘swim’ task variously includes plunge diving, dipping, pattering, wading, sitting on the water’s surface and swimming under water.
The “fly’ task includes such manoeuvres described in the literature as hawking, sallying and gliding. Here our aim was to summarise
this variety in the broadest terms corresponding to use of different physical environments. For each foraging niche, we scored the
relative importance of each task from 0 to 1 in 0.25-unit intervals.

Except for the very small number of flightless species (n = 60 species),”® almost all birds make use of aerial movement during
foraging or when not foraging (e.g. when dispersing between foraging sites or migrating). The vast majority of species are able to
walk and most probably have some capacity to swim. Rather than giving (almost) all species an arbitrarily small score for these tasks,
we set all physical tasks that are of only marginal importance to foraging to zero. For example, species exclusively using flight (e.g.
‘Invertivore aerial screening’) received a ‘fly’ score of 1 even though most of these species have some walking, and even swimming,
ability.”® Similarly, foraging niches that involve searching for food entirely on the ground (e.g. ‘Invertivore glean ground’ or ‘Herbivore
ground’) received a ‘walk’ score of 1, even though most of these species also fly. Foraging niches that only involve swimming or diving
during feeding, received a ‘swim’ score of 1 even though many of these species can also walk and/or fly. Some foraging niches clearly
involve multiple physical tasks. For instance, the ‘Invertivore glean elevated’ niche that includes species predominantly feeding in
trees can be considered to use a combination of flight between branches and movement across these branches (e.g. walking, hop-
ping, hanging, climbing), and hence is assigned a score of 0.5 for fly and 0.5 for walk. Similarly, species that plunge into the water to
catch prey, which require both flying and swimming during foraging, are assigned a score of 0.5 for fly and 0.5 for swim locomotion.
With these scores for each foraging niche, the importance of each physical task to each species was calculated by multiplying the
importance score for a foraging niche by the % use of that niche by each species. The scoring system for translating between
foraging niches and locomotory tasks is provided in Table S4. Since these scores are subjective, they are intentionally coarse to
acknowledge this uncertainty.

Phylogenetic trees

To understand the evolutionary dynamics of functional specialization and its influence on a species’ capacity to respond to environ-
mental change, we used the time-calibrated molecular BirdTree phylogeny’? based on the Hackett backbone topology.®® We down-
loaded a distribution of 100 complete phylogenies, including species inserted on the basis of taxonomy because they lacked genetic
data (n = 9,993 species) and computed the maximum clade credibility (MCC) of the complete phylogeny using the R package ‘phan-
gorn’®'. We also downloaded phylogenetic trees that included only species with genetic data (n = 6,670 species) for use in the trait
reconstructions during the analyses of directionality of trait evolution. In this case, the phylogenetic trees were rate-transformed to

account for heterogeneity in rates of trait evolution across the tree (See details below).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Null models of beak morphospace volume and shape

We quantified the volume and shape of the 3D beak morphospace occupied by species defined by log-transformed length (L), width
(W) and depth (D) measurements. Morphospace volume was quantified using a minimum convex hull. Our PC analysis indicates that
size is the main axis of beak variation (Table S1). To intuitively quantify the magnitude of variation in observed beak sizes, we quan-
tified the beak volume of each species, assuming beaks are conical in shape (beak volume = Pix 1/3 x L x D x W). We then calculated
the difference between the log4o transformed minimum and maximum beak volume. While almost perfectly correlated with beak PC1
(r > 0.99), the non-arbitrary scale of beak volume enables us to quantify the order of magnitude difference between the smallest and
largest beaks (Figure S1B). We compared the observed range of beak volumes to that which is geometrically possible assuming
extreme hypothetical trait combinations combining either the minimum or maximum values of each of length, width and depth. In
all other analyses, where the arbitrary scale of PC axes is not important, we use PC1 as our index of beak size.

Following the methods of Diaz et al.," we compared occupied morphospace volume (i.e., the space occupied in a 3D morpho-
space) and the variation in beak volume to that expected under null models that make contrasting assumptions about how species
are distributed throughout trait space (Figure S1). Null model 1 assumes that there are no correlations among beak dimensions or
trade-offs so that species can evolve extreme trait combinations with equal probability as central trait values. According to this
null model, beak morphospace would approximate a cube. To simulate this, we sampled uniformly spaced values within the
observed bounds of each trait axis independently. Null model 2 also assumes that each beak dimension varies independently,
but that natural selection limits the exploration of extreme trait combinations, resulting in an approximately spherical morphospace.
We implemented two variants of Null model 2. Null model 2.1 maintains the observed distribution of values along each trait dimension
but randomly shuffles these independently across species, thus removing any covariation among trait dimensions. Null model 2.2
assumes a uniform distribution of values along each trait dimension but constrained these values to occur within a sphere of radius
equal to half the mean range occupied by each trait dimension. The difference in expected occupied morphospace volume and beak
volume variation between Null model 2.1 and Null model 2.2 was minor (Figure S1), indicating that the distribution of values within the
observed range of each trait dimension has a relatively minor effect on expected morphospace occupancy. For each null model we
performed 100 replicate simulations.

Archetypal analysis of beak and body shape

To formally describe the shape of beak morphospace defined by PC2 and PC3 we applied two different approaches. First, we used
an archetypal analysis implemented in the R package ‘archetypes’®”. This approach aims to identify irregular polygons described by
k vertices or ‘archetypes’ such that the distribution of species trait values can be well represented as convex combinations of these
archetypes. For k vertices, the algorithm randomly selects an initial position for each vertex and then iteratively explores different
vertex positions, trying to minimise the residual sum of squares (RSS) between the position of each species in trait space and the
boundaries of the polygon. The original archetype algorithm,®” requires these vertices to lie on the boundary of the convex hull en-
closing the observations, making this method sensitive to extreme observations. Because we were interested in identifying the poly-
gon shape that best describes the majority of bird forms, we used a ‘robust archetype’ analysis that downweighs the importance of
extreme values.®®> We compared the fit of polygons with different numbers of vertices, from k=3 to 7 (Figure S2). Because the pro-
cedure for optimising polygon fit is stochastic, for each value of k we repeated the analysis 100 times and from across the replicates
calculated the median and 95% Cl in RSS.

The best-fitting polygons identified through an archetype analysis can take irregular forms so that shapes with more vertices will
always describe the observed data better (Figure S2). For example, a polygon with 4 vertices can be constructed that will more
closely fit the observed boundaries of morphospace, even if this shape is largely triangular in form (i.e. two of the vertices may be
close together). We therefore developed a new shape-fitting algorithm based on regular polygons, with edges of equal length (Fig-
ure S3). We systematically explored polygons from 3 to 7 vertices and finally a polygon with n = 360 vertices approximating a circle. A
circle is expected either when there are no constraints on morphospace or when there are a very large number of trade-offs between
trait axes. Our algorithm systematically varied polygon position, area and angle of rotation, allowing us to identify the polygon where
the distance between the boundary of the polygon and the boundary of observed morphospace was minimised. The boundary of
observed morphospace was calculated using multivariate kernel density estimation in the R package “ks”®*. The kernel was a multi-
variate normal distribution for each species centred on the trait values for each species with the optimal bandwidth selected using the
Hpi function. We used the contour containing 90% of the total density of species as the boundary of empirical morphospace. The use
of the 90% contour avoids estimates of morphospace shape being dominated by the small number of species with extreme traits.
Because of the greater flexibility (i.e. allowing irregular shapes) we used the ‘robust archetype’ analysis to identify the location of ar-
chetypes and used our new regular polygon fitting approach, which is more conservative (i.e. is more likely to penalise shapes with
many vertices), to confirm the number of vertices required to describe morphospace.®’

Finally, we built two different sets of null models for beak and body shape, to test whether the skewed distribution of morphological
traits or the asymmetric shape of the phylogenetic tree alone could cause a triangular shape of the morphospace (Table S2). First, we
randomised each trait column in our dataset to break the correlation of traits within species (RND null model). Second, we simulated
traits according to a Brownian motion model of evolution (BM null model). For this, we used the observed variance-covariance matrix
(vev) of raw traits in our dataset to simulate the evolution of new raw traits on the same phylogenetic tree, based on the vev, using the
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ratematrix and sim.char functions from “geiger” R-package. The simulations were repeated 100 times. We then used the randomised
(RND null model) and the simulated (BM null model) raw traits to re-run a PCA from which we extracted PC2 and PC3 and to which we
fit regular polygons with different numbers of vertices (3, 4, 5, 6, 7 and 360). The two different null models were repeated 100 times for
beak and body shape, and we calculated the proportion of simulations in which each polygon shape (i.e. number of vertices) was best
supported.

Correspondence between archetypes and physical tasks

We visualised how feeding techniques and physical tasks are distributed throughout morphospace by overlaying a regular grid and
then summing the relative % score of each technique/task across the species within each cell. Because some techniques/tasks are
relatively more commonly used than others (e.g. there are many more terrestrial species specialised for walking than aquatic species
specialised for swimming), we quantified the proportional importance of each technique/task in a cell weighted by the total % use of
each technique/task across all species. Thus, our maps showing techniques/tasks across morphospace indicate regions where each
technique/task is relatively highly represented accounting for its overall prevalence across birds (Figure 2).

To formally test whether specialization in a physical task is higher closer to the vertices of the Pareto front we used beta regression.
For each focal archetype, we rescaled the distance of species from that archetype to between 0.001 and 0.999. We then estimated
the slope of the relationship between distance as the response variable and the % use of that physical task as the predictor. We
include a quadratic predictor term in the model to allow for non-linear responses (Figure 3).

Our analysis of physical tasks is based on coarsely defined scores which, while informed by basic physical principals, are not
based on actual measurements of the functional performance of different beak shapes. Experimentally derived data on bite force
(n = 77 species, *°) and bite speed (n = 18 species, **) is available for a small subset of species allowing us to examine how these
metrics of performance vary across morphospace. Our hypothesis is that species where crushing is inferred to be the primary phys-
ical task (Archetype 1) should have higher bite force, but at the expense of a slower bite speed.’*® To test this, we fitted a linear
model to estimate the slope of the relationship between bite force (log-transformed) or bite speed as response variables, and
beak size (i.e. beak PC1) and distance to Archetype 1 (from beak shape archetypes) as predictors. As expected, bite force increased
with beak size (Bpc1 = 1.13 + 0.98, p<0.001) and decreased with the distance from Archetype 1 (Bga1 = -0.40 + 0.08, p<0.001).
Together, beak size and proximity to Archetype 1 explain a substantial proportion of the variation in bite force across species
(R? = 0.66). Bite speed is independent of beak size (p>0.05) and increases strongly with distance from Archetype 1 (Bga; = 0.19 +
0.04, p<0.001). Distance from Archetype 1 explains 61% of the variation in bite speed. Thus, quantitative data on beak performance
support the hypothesis that Archetype 1 corresponds to specialization for crushing food items, but at the expense of efficiently
capturing mobile resources with the capacity to flee.

Sensitivity analyses
A potential criticism of our analysis is that it is based on simple linear measurements of beak length, width and depth, which ignores
additional aspects of shape variation (e.g., curvature). It is possible that the PC axes we use may therefore not necessarily align with
the primary axes of beak shape variation. We tested this by repeating our analysis on a subsample (n = 2026 species) using the first
two shape axes derived from 3D beak scans that measure the full complexity of shape, including curvature.®' These results
confirmed that a triangular shape (i.e. three archetypes) was the best supported model for beak shape morphospace, and that dis-
tance from the vertices of this triangle reliably predict the relative importance of the different beak physical tasks (Figure S4A). This
makes sense because the two primary shape axes derived from 3D beak scans are strongly aligned with our PC2 (r = 0.89) and PC3
(r=0.37), confirming that our simple linear measurements reliably capture the main dimensions of beak shape variation. We acknowl-
edge that including additional dimensions of shape that account for less morphological variation would likely reveal further trade-offs.
In all the analyses, we used standard PCA rather than Phylogenetic PCA (PPCA) because the latter can only reliably account for
phylogenetic non-independence when traits have evolved under a simple Brownian motion process.®® However, to test whether the
observed trade-offs potentially reflect some aspects of within-clade variation rather than universal constraints, we repeated our anal-
ysis using the second and third axis derived from PPCA (PPC2 and PPPC3) and found that the patterns remain the same (Figures S4B
and S4C). That is, for both beak and body shape, there is an overall triangular shape of morphospace and species specialized to
single physical tasks concentrate near the vertices. In some cases, the axes are flipped (i.e. species with high values on Body
PC3 have low values of Body PPC3 and vice versa) or slightly rotated. However, this does not alter the shape of morphospace.
Another potential critique is that our analysis of archetypes focuses on trade-offs in a two-dimensional beak morphospace that
ignores variation in beak size, a key trait in predicting avian ecological niches.” Including variation in beak size, could potentially iden-
tify different morphospace geometries and archetypal forms. To test this, we repeated our archetype analysis using a 3D morpho-
space including beak PC1, together with PC2 & PC3. We calculated the best supported polyhedrons with 4 and 5 archetypes and
then projected the position of these archetypes onto the original 2D plane defining beak shape (Beak PC2 and PC3). We found that an
overall triangular shape is still observed, as newly identified archetypes are in similar positions to those we have previously identified,
and are only separated across the size axis (Figure S5A). In other words, they represent large and small versions of each archetype.
For instance, in beak morphospace, the archetype of relatively long beaks, corresponding to the reach task (A2), is duplicated into a
large (e.g. ibis) and small (e.g. hummingbird) beak size when 4 and 5 archetypes are fitted, whereas the archetype corresponding to
the engulf task (A3) is duplicated into large (e.g. frogmouths) and small (e.g. swallows) beak size when 4 archetypes are fitted. We
obtained similar results when fitting archetypes to a 3D body morphospace including body PC1, with archetypes projected on to
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the original 2D space forming a triangle (Figure S5B). This is consistent with the pareto front theory that archetypes identified in one
plane are indicative of constraints closer to that particular combination of traits, irrespective of how many more axes are added.'”

We performed sensitivity analyses to assess whether the correspondence between archetypes and physical tasks was robust to
the subjective scoring of physical tasks. For the beak-related physical tasks, we identified all cases where a feeding technique had an
importance score for a focal task between 25-75% and we upweighted the score to 75%. To maintain a total score of 100% for each
feeding technique, we proportionally reduced the importance scores for the other tasks (dividing equally if two tasks were involved).
We then recalculated the physical task scores for each species and the distribution of each task across morphospace. This proced-
ure was repeated for each task (Figures S6A-S6C). A similar sensitivity analysis was performed for body shape and the associated
task scoring (Figures S6D-S6F).

Directionality in trait evolution

To explore the directionality of beak and body shape evolution between each node in the avian phylogenetic tree, we performed an
ancestral trait reconstruction for each of the PC axes of beak and body shape. Because trait reconstructions can be sensitive to tree
topology and rate heterogeneity across the tree, we ran the reconstruction analysis on rate-transformed phylogenies that include
species with genetic data (n = 6670 species). First, we fit a variable rate trait evolution model in BAMM?®® for PC2 and PC3 axes sepa-
rately (for both beak and body shape) allowing variation in rates across branches of the tree and over time. Priors were set as 50 for
the expected number of rate shifts (recommended for trees >5000 species), 0.25 for the initial evolutionary rates (betalnitPrior) and
0.1 for the distribution of the magnitude of the rate shift change (betaShiftPrior). We ran the analysis for 5,000,000 generations, with a
thinning interval of 10,000 and a burn-in of 100,000. We then used the output to create a rate-transformed phylogeny for each PC
using the “getMeanBranchLengthTree” function from the ‘BAMMtools’ R package,®” where each branch length is multiplied by
the mean rate of evolution from across the inferred distribution of rates. Then, we used the fastAnc function from the ‘phytools’ R
package®® to infer the ancestral values of each PC axis, using the corresponding rate-transformed tree. Finally, we used the inferred
ancestral values to calculate the overall direction of trait evolution across all phylogenetic branches, and specifically whether this was
‘inward’ towards the centroid of morphospace or ‘outward’, away from the centroid. To do this, we calculated the difference in the
distance from the centroid of morphospace between each ancestor and each of its two descendants, and report the ratio of inward
and outward branches. We next calculated how the direction of trait evolution varies locally across morphospace by overlaying a
regular grid and identifying the phylogenetic branches intersecting each grid cell based on the inferred morphological position of
the ancestor and descendent node. We then calculated the circular mean and variance (Vops) in the angle of trait evolution.

A net outward flow of lineages away from the centroid of morphospace (O) could be expected for geometric reasons. This point is
best explained with the logic of Fisher’s geometric model of adaptation.®® Consider an ancestral node, denoted by point A in morpho-
space lying on the boundary of a circle centred at O. When the distance evolved (r) from A to its descendent node is infinitesimally
small, then this is equally likely to move the lineage towards or away from O. In contrast, if r is greater than the diameter (d) of the
circle, then regardless of the direction of evolution, the lineage will move away from O.

This simple geometric model indicates that the number of lineages moving outwards, away from the centroid of morphospace, is
likely to exceed those moving inwards even if lineages are evolving in random directions.

To formally test whether the inferred directionality of trait evolution is different to that expected if traits had evolved in random di-
rections, we first compared the inferred proportion of outward trajectories to that expected under a multi-rate Brownian motion (BM)
model of evolution. We used the fastBM function from the R package phytools®® to simulate the evolution of traits along the branches
of rate-transformed trees generated using the rates of evolution inferred from our observed trait data. We repeated this 100 times and
for each replicate simulation conducted an ancestral state reconstruction and calculated the proportion of outward and inward
branch trajectories. We then rejected the null model if the observed ratio of outward versus inward trajectories was outside the
95% C.I. of the null model distribution. We report the % of times where branches evolved outwards and the P-value refers to the
proportion of times where the observed ratio of outward evolution is greater than the ratio of the simulated data. The same analysis
was performed using the beak shape axes and the body shape axes independently.

We next tested for non-random directionality locally using an alternative procedure which is necessary because in any given null
model simulation a grid cell may fail to contain any inferred branches or contain far more or fewer than is inferred for the observed data
due to the model of random trait evolution. Our null model of local directionality therefore used the following steps. First, for each
simulation run we calculated the variance in the inferred direction of evolution (Vgm) for each grid cell. Second, we plotted how
Vsim varies according to the number of branches intersecting a cell (NBg;,). For this, we pooled values of Vg, and NBg;,, across simu-
lation runs. Third, we identified the boundary describing the minimum Vg, expected for a given value of NBg;,, using a quantile regres-
sion and the 5% quantile (i.e. 1-tailed test). Fourth, given the number of branches in our empirical data inferred to intersect each cell
(NBops), We identified values of Vs that were lower than expected under the null model. A significantly lower variance indicates that
co-occurring branches tend to evolve in a more consistent direction than expected under a null model of trait evolution.

Mapping speciation rates and extinction risk across morphospace

To explore how different regions of morphospace are associated with variation in speciation rate, we used the species level
diversification rate (DR) metric.”” This is calculated as the inverse of the equal splits (ES) metric of evolutionary isolation®® and
although originally considered a measure of net diversification, it more closely approximates speciation rate.’® We used the function
“evol.distinct” from the R package ‘picante’®’ to calculate the DR of each species across the complete BirdTree phylogeny. We then
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identified those species in the top DR quartile (i.e., top 25%) as having high speciation rates (1), with the remaining species scored as
having relatively low (0) speciation rates. To explore how different regions of morphospace are associated with variation in extinction
risk, we used species threat status from the IUCN Red List (version 2022-1).°2 We converted threat status into a binary classification
by considering species treated as Least Concern (LC) as not threatened (0) and all other classifications (Near Threatened [NT], Vulner-
able [VU], Endangered [EN], and Critically Endangered [CR]) as threatened (1). Species classified as Data Deficient (DD) were
excluded (n = 38). We modelled both speciation rate (1 vs 0) and extinction risk (1 vs 0) as a function of the position of species in
morphospace using a generalised additive model (GAM) with a binomial error distribution implemented in the R package
‘mgcv’®. Specifically, we used the position of species in beak or body shape morphospace (PC2 and PC3) to predict the relative
incidence across morphospace of lineages with high speciation rates and high extinction risk, respectively. Additionally, GAMs
were used to predict (1) invertivore gleaner specialists (1 vs. 0), (2) beak task specialization (1 vs. 0), and (3) body task specialization
(1 vs. 0), based also on morphospace position. Invertivore gleaner specialists were defined as species with a foraging niche catego-
rized as “Invertivore glean elevated” > 60%). Beak and body task specialists were species specializing in a single task (i.e., focusing
on one of three tasks at > 60%).

To formally test the effect of functional specialization (i.e. phenotypical optimization for a single task) on speciation rates and
extinction risk, we fitted species-level Bayesian linear mixed models accounting for the phylogenetic non-independence of species
using the R package ‘MCMCglmm’®*. For speciation rate, we modelled DR (log-transformed) using a normal distribution (Gaussian).
We modelled extinction risk (1= Threatened; 0 = Non-threatened) as a binary-response with a probit link (ordinal). In both models, the
predictors were the degree of functional specialization in beak and body shape, calculated as the distance to the nearest beak and
body shape archetype, respectively. We also included other factors expected to influence extinction risk and speciation rate,
including degree of insularity, habitat breadth and generation length (log-transformed). To avoid issues arising due to collinearity,
body mass was not included as it was highly correlated with generation length (Pearson’s r=0.84) and might cause co-linearity prob-
lems. The degree of insularity was assessed from the BirdLife International distribution maps.®> We classified each species as insular
(value of 1) when occurring year round on oceanic islands that did not reconnect to the continent when sea levels changed during
glacial periods (considering the minimum level of 120 m below current level).”® Species that occur on continental or land bridge
islands, that do reconnect with continents were given a value of 0.5, whereas species that occur on continents were given a value
of 0. Habitat breadth was obtained from Ducatez et al.,®” which employs a multiplicative beta diversity index derived from the pres-
ence/absence of species along 82 different habitat subtypes from the IUCN.®? Generation length was obtained from Bird et al.®® Each
model was run for 110,000 iterations (with a 10,000 burn-in). The thinning interval was set to 100, resulting in a posterior distribution of
1,000 samples, and sufficient to ensure that the autocorrelation of samples was <0.1. The models include the phylogenetic effects as
a random factor, using a maximum clade credibility tree (MCC) from the posterior sample of full trees.
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