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The origin of birds from theropod dinosaurs involves many changes in
musculoskeletal anatomy and epidermal structures, including multiple
instances of convergence and homology-related traits that contribute to

the refinement of flight capability. Changes in limb sizes and proportions
areimportant for locomotion (for example, the forelimb for bird flight);
thus, understanding these patterns is central to investigating the transition
from terrestrial to volant theropods. Here we analyse the patterns of
morphological disparity and the evolutionary rate of appendicular limbs
along avialan stem lineages using phylogenetic comparative approaches.
Contrary to the traditional wisdom that an evolutionary innovation like

flight would promote and accelerate evolvability, our results show a shift to
low disparity and decelerated rate near the origin of avialans that is largely
ascribed to the evolutionarily constrained forelimb. These results suggest
that natural selection shaped patterns of limb evolution close to the origin of
avialans in a way that may reflect the winged forelimb ‘blueprint’ associated

with powered flight.

The assembly of the volant bird body plan from the ancestral bulky
dinosaurian condition is an enduring topic of evolutionary biology,
encompassing some of the most extensive morphological changes
pertaining to powered flight' . Size miniaturization, forelimb elonga-
tion and tail reduction, along with other skeletal modifications, have
been hotly discussed, with competing scenarios explaining the modes
and patterns of evolutionary origins of the characteristic avialan body
plan*®. However, our understanding about the morphological evo-
lution and phylogeny close to the origin of the Avialae and powered
flight has been fundamentally refined with newly discovered fossils
since those studies. In addition, previous body size-centric analyses
may have overlooked local changes**™"; the heterogenous changes
withinand between the forelimb and hindlimb are essential to decipher
clade-specific evolutionary patterns. Therefore, an updated study with
larger taxonomic samplings is needed to gain fresh insights into this
evolutionary transition and test previous hypotheses. In this study,
we used phylogenetic comparative methods to quantify the morpho-
logical disparity of limb proportions and estimate the branch-specific
and clade-specific evolutionary rate leading to the acquisition of the

avialanbody plan. This study aimed to address the following questions:
How and when did the typical avialan-like limb proportions appear?
Did the forelimb and hindlimb respond differently to the selective
pressures associated with ecological shifts? Did powered flight as an
evolutionary innovation trigger morphological disparity and acceler-
ate evolutionary rate?

Results

Morphological variations

Theresults of phylogenetic principal component analysis (PCA) using
all limb measurements show that non-avialan theropods occupied a
larger morphospace thanthat of early avialans (Fig. 1a,b and Extended
DataFig.1). Thisresultis robust to different phylogenetic hypotheses
(Supplementary Figs. 1-14). Principal component 1 (PC 1) correlates
negatively with all limbs with approximately equal eigenvector coef-
ficients (Supplementary Tables 1and 2), indicating that it describes
the overall elongation of limbs (related to body size). PC2 corresponds
tothe elongation of the forelimb relative to the hindlimb; differences
alongthis axis distinguish avialans from non-paravian theropods, with
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Fig.1|Morphological disparity of appendicular elements of Mesozoic
theropods. a,b, Phylogenetic morphospace of the first three PCs of both
forelimb and hindlimb elements (a,b) (red circles: avialans; green circles:
non-avialan paravians; blue circles: non-paravian theropods). ¢, Changes in
PC2across atime-calibrated theropod phylogeny (see Extended Data Fig. 1 for
theresults of PCs1and 3). d, Comparison of morphological disparity among

subgroups of Mesozoic theropods. (The boxes represent the median and the first

and third quartiles of morphological disparity; n =109 species.) Morphological
disparity was compared using a Welch'’s ¢-test for statistical significance (two-
sided ***P< 0.05). Taxa placed near the edge of the morphospace are labelled
(the results showing the full names of taxa are shown in the figures in the Open
Science Framework (OSF)). The interpretative line drawings of the forelimb and
hindlimb denote the changes along the principal axes.
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non-avialan paravians in the intermediate position. Mapped changes
of PC2across the theropod phylogeny exhibit a clear trend of forelimb
elongation alongtheline to avialans (Fig. 1c), reinforcing the hypothesis
that drastic elongation of the forelimb took place close the origin of
the Avialae®”. PC3 mainly reflects the elongation of the metacarpal
bone relative to the humerus and ulna. Avialans are closely packed
and are overwhelmed by the distribution of non-avialan theropods
alongthisaxis, attesting to the autapomorphic forelimb configurations
seeninscansoriopterygids and alvarezsaurids'>*>. The permutational
multivariate analysis of variance (PERMANOVA) tests show that avi-
alans and non-avialan paravians are statistically separated from each
otherinmorphospace (Supplementary Table 3). Similar patterns were
recovered using conventional PCA without accounting for phylogeny
and body size (Supplementary Fig. 15 and Supplementary Table 4).

We further analysed the forelimb and hindlimb separately. The
results of the phylogenetic PCA of the forelimb showed that PC1 cor-
responds to the overall size of the forelimb, and that avialans are sepa-
rated from the larger non-avialan forms (Supplementary Table 5).
PC2 describes the elongation of the metacarpal bones relative to the
proximal elements. It is worth noting that avialan and non-avialan
theropods are clustered along this axis (Fig. 2a and Extended Data
Fig. 2), indicating that the proportion of metacarpal bone in the
forelimb is constrained, rather than differentiated substantially in
response to diverse functional demands among groups (forexample,
prey capture, flight). However, several non-avialan theropods con-
vergently evolved highly abbreviated metacarpal bones, including
scansoriopterygids and ceratosaurs. The short metacarpal in scanso-
riopterygids may be related to the membranous wing attachment'?;
however, for ceratosaurs it probably reflects reduction given the lim-
ited function of the manus'. PC3 describes the elongation of the ulna
relative to the humerus. Avialans and non-avialan paravians are mixed
along this axis, and they are separated from non-paravian theropods
(Fig. 2a and Extended Data Fig. 3). The PERMANOVA tests show that
avialans and non-avialan paravians are both statistically separated
fromnon-paravian theropodsinthe forelimb morphospace (P < 0.05;
Supplementary Table 3).

The results of the phylogenetic PCA of the hindlimb show that
avialans, non-avialan paravians and non-paravian theropods overlap
substantially in morphospace (Fig. 2b and Extended Data Fig. 3), sug-
gesting that the hindlimb proportions are evolutionarily conservative
(contrary to ref. 7). This is somewhat counterintuitive given that the
body plan changes substantially (for example, tail reduction and func-
tional decoupling from the hindlimb) and that the locomotion shifts
fromhip-basedinnon-avialan theropods to knee-based in early diverg-
ing avialans*™". The lack of separation in hindlimb morphospace
suggests that limb proportion alone cannot explain the functional
diversification of the hindlimb among avialan and non-avialan thero-
pods’. The PERMANOVA tests recovered statistically significant differ-
ences in each pairwise comparisons but not in non-avialan paravians
and non-paravian theropods (Supplementary Table 3).

Pattern of morphological disparity

Disparity analyses of all limbs showed that non-paravian theropods,
non-avian paravians and avialans are statistically different from one
anotherin all disparity metrics (P < 0.05; Supplementary Tables 6-8).
Non-paravian theropods are more disparate than non-avian paravians,
regardless of the disparity metric choice, whereas early avialans are the
least disparate, although contributing more taxa to the dataset (Fig. 1d).
The marked discrepancy of disparity among these groups still exists
when only the forelimb is analysed, but that gap is greatly diminished
whenonly the hindlimbisinvestigated (Fig. 2c,d). Rarefaction analyses
showed that these results are not strongly affected by sampling bias
(Extended DataFig.4). Comparable results are obtained using different
phylogenetic assumptions (Supplementary Figs.1-14), as well as con-
ventional PCA (Supplementary Figs.15-17 and Supplementary Table 9).

Variations of two functional indices

Although limb measurements were size-corrected before the phylo-
genetic PCA, morphological variations are still dominated by uniform
changes of limbs (with PC1 correlating nearly equally with all limbs),
suggesting that body size miniaturization, the pronounced change®’,
deeplyshaped the appendicular elements along the stemavialanline.
Therefore, local variations that respond directly to diverse ecologi-
cal and functional demands are presumably shadowed by body size
changes. To circumvent this issue, we analysed two size-independent
functional morphologicalindices (brachialindex (BI) and cruralindex
(CI)) to investigate the focal changes in the forelimb and hindlimb,
respectively (see the Methods for the different calculations of Cl for
avialanand non-avialantaxa). Avialans are separated from non-avialan
theropodsinthe BI-CImorphospace with phylogeny considered or not,
whichis most pronounced along the Cl axis (Fig. 3aand Extended Data
Fig.5a). Avialans and non-avialan paravians overlap to some degree on
the Bl axis, and they are spaced from non-paravian theropods, which
is consistent with the results using the limb measurements. A notable
increase in Bl occurs along the branch subtending to the Avialae, but
anoppositetrendisrecovered for the CI (Fig.3b,c). Theresults vividly
capture how the contrasting locomotion adaptations from cursoriality
to powered flight have guided the changes in forelimb and hindlimb.
When the Clis calculated as the length ratio between the tibiotarsus
and femur for all avialan and non-avialan taxa, avialan taxa are not
widely spaced from non-avialan theropods in morphospace (Supple-
mentary Fig.18).

Avialans are statistically less disparate than non-avialan theropods
inthe Bland CI, and avialans become more disparate in the Clwhen this
index s calculated the same way across taxa (Extended Data Fig. 5b,c,
Supplementary Fig. 9 and Supplementary Table 10). The proportion
of wing bones represents a mechanical-level system, whereas Bl cor-
relates with different flight modes among extant volant taxa'®"’. The low
variation of the Bl among avialans probably reflects strong selection
in favour of wing bone proportions optimized for flight. Non-avialan
paravians display greater Cl variations than other groups; this may have
resulted from conflicting and dual demands associated with the use of
the hindlimb in locomotion (for example, running and manipulating
prey) thatis furtherintensified by their diverse experimentations with
volant behaviour (for example, climbing, perching)”>%.

Evolutionary rate

The evolutionary rate of all limbs (PCs 1-4 as the input data) shows
ageneral decreasing trend along the stem avialan line, with derived
members of the ornithuromorphs and non-avialan paravians (for
example, Oviraptorosauria and Scansoriopterygidae) exhibiting an
accelerated rate (Fig. 4a). The results are robust to different phyloge-
netic hypotheses (Supplementary Figs. 4,10 and 14). The evolutionary
rate is statistically different among avialans, non-avialan paravians
and non-paravian theropods (Extended Data Fig. 6a and Supplemen-
tary Figs. 4,10 and 14). The rate of forelimb evolution shows a similar
pattern; it exhibits a shift to a lower rate in the Avialae (Fig. 4b). The
forelimb of non-avialan paravians evolved significantly faster than
that of non-paravian theropods, whereas avialans showed the lowest
rate (Extended Data Fig. 6b). Unlike the recovered evolutionary rate of
alllimbs and forelimbs, no distinct rate shift along the line to avialans
was identified in the hindlimb (Fig. 4c). The rate is decreased in later
diverging members of the Enantiornithes. In contrast, a previous study
found asignificantly high evolutionary rate of the hindlimbin avialans
compared with non-avialan theropods, and a relatively slower rate
in the forelimb’. However, the results cannot be directly compared
because of different methodologies. For instance, body mass was not
accounted for and the evolutionary rate was calculated for individual
PCaxes’ rather than analysed together asin this study; also, the larger
sample size in the present study may have also impacted the results.
Taken together, these results indicate that the distinct rate shift in
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Fig. 2| Patterns of morphological disparity in the forelimb and hindlimb
among Mesozoic theropods. a,b, Phylogenetic morphospace of PC2 and

PC3 of the forelimb (a) and hindlimb (b) (see Extended Data Figs. 2 and 3 for
additional results). ¢,d, Comparison of morphological disparity in the forelimb
(c) and hindlimb (d) among three subgroups of Mesozoic theropods. (The boxes
represent the median and the first and third quartiles of morphological disparity;
n=109 species.) Morphological disparity was compared using a Welch’s ¢-test
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for statistical significance (two-sided ***P < 0.05). The colour scheme s the
same as in Fig. 1. The silhouette has been modified from the diagram created by
the Cornell Lab of Ornithology (https://academy.allaboutbirds.org/features/
birdanatomy/). Taxa placed near the edge of the morphospace are labelled (the
results showing the full names of taxa are shown in the figures in the OSF). The
interpretative line drawings of the forelimb and hindlimb denote the changes
along the principal axes.

appendicular limb evolution in avialans is largely driven by deceler-
ated forelimb evolution.

Theresults of the Blanalyses showed clade-specific evolutionary
rates: accelerated rates seenin basal coelurosaurs and deinonychosau-
rians; relatively slower rates in other non-avialan theropods; and much
slowerratesinavialans (Fig. 5a, Extended Data Figs. 7and 8 and Supple-
mentary Fig. 5). In contrast, the rate of Cl evolution showed a different
pattern in displaying roughly homogenous rates among non-avialan
theropods, although the rate was notably decelerated in avialans
(Fig. 5b, Extended Data Figs. 9 and 10 and Supplementary Fig. 6).

Discussion

Our study shows that changes in body plan along the avialan stem lin-
eages are characterized by a decrease in disparity and deceleration
inrate of appendicular limb evolution (Figs. 1 and 2, Extended Data
Figs.1-4 and Supplementary Figs. 4-17). This patternis largely driven by
the forelimb, which exhibits constrained morphological variation and
slow evolutionary rate close to the origin of the Avialae. With winged
forelimbs, the early diverging avialans are separated from non-paravian
theropods in morphospace, with non-avialan paravians as intermedi-
ates (Fig.2a, Extended Data Fig.2and Supplementary Figs.1,7,11and 15).
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complete taxon labelling. Taxa placed near the edge of the morphospace are
labelled (the results showing the full names of taxa are shown in the figures in the
OSF). The interpretative line drawings of the forelimb and hindlimb denote the
changes along the principal axes.

The extensive forelimb changes and accompanying flight capability
would have accelerated the evolutionary rate and increased dispar-
ity by opening new niches, a common wisdom regarding adaptative
radiation driven by evolutionary novelty? **. However, the opposite
pattern was observed in this study. Both the morphological disparity
and evolutionary rate of early diverging avialans are statistically sig-
nificantly lower than those of non-avialan theropods (Figs. 2c and 4b,
Extended Data Figs. 4 and 6 and Supplementary Figs.1,2,7,8,11,12,
15and 16). The longer evolutionary history and presumably the accu-
mulated morphological changes could increase disparity of non-avian
theropodsbutalso ‘dilute’ their evolutionary rate given the increased
branch length. For early diverging avialans, that sampling issue may
have the opposite effect (lowering disparity and increasing evolution-
aryrate). Therefore, the recovered low disparity and decelerated rate
of morphological evolution of avialans cannot be simply ascribed to
sampling bias, and other factors should be considered.

Theseresults also suggest that the forelimb underwent consider-
able modifications at the cost of its disparity, whereas the hindlimb was
evolutionarily conservative well into the diversification of Mesozoic
avialans, exhibiting a ‘first forelimb and then hindlimb’ pattern along
the phylogeneticlines towards avialans. The relatively small difference
between avialans and non-avialan paravians in disparity and approxi-
mationinforelimb morphospace suggest that the bony ‘blueprint’ of a
typical bird wing was formed before the origin of avialans, representing
exaptation for flight. Our study complements the results using discrete
morphological characters used in previous analyses™.

The continuously discovered feathered non-avialan theropods
suggest that some taxa exhibit morphological modifications related

to volant behaviour in parallel to avialan powered flight, such as the
hindlimb flight feathers in dromaeosaurids and the membranous wings
inscansoriopterygids'>?>**. Indeed, we discovered anaccelerated evo-
lutionary rate along the branches subtending to these taxa, particularly
the scansoriopterygids (Fig. 4 and Supplementary Figs. 1-14). These
taxaare also placed near the edge of the morphospace of their group
(Figs.1and2), further demonstrating theimpact of powered flight on
body plan along the stem avialan line.

Comparative analyses of the forelimb show that avialans are dis-
tinguishable from other non-avialan theropods in the relative length
ofthe metacarpal and BI (Figs. 2a and 3a and Extended Data Figs. 2 and
5). The proportions of forelimb elements strictly impact the functional
performance of avialans, from wing folding when not in use to elabo-
rated movement during flight>'®**, The most obvious condition is that
most volant birds have an ulna that is longer than the humerus'®. This
basic bony blueprint required for powered flight probably restricts
the morphospace that can be realised by early diverging avialans,
resulting in decreased disparity and decelerated evolutionary rate’.
Although early avialans could fly, derived features that are crucial to
refine manoeuvrability in the air are absent in those early members,
including pneumaticity of the proximal humerus, a sulcus for guid-
ing flight muscle tendons and quill knobs for attaching secondary
remiges’>**?. These and other flight-relevant musculoskeletal features
seenin crown groups most probably expand the morphospace by cir-
cumventing the constraints of limb proportions, ultimately contribut-
ingtothe very large forelimb disparity presentin extant birds”**°. The
PERMANOVA tests show that avialans and non-avialan paravians are not
statistically separated from each other in the forelimb morphospace

Nature Ecology & Evolution | Volume 7 | August 2023 | 1257-1266

1261


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-023-02091-z

pvialae

A 0.9 L . E

Triassic Jurassic

M L E j L

Cretaceous

Fig. 4| Evolutionary rate and rate shift of appendicular elementsin
Mesozoic theropods. a, All limb elements. b, Forelimb. ¢, Hindlimb. Branch-
specific evolutionary rates are denoted by the colour gradients. The posterior

ppRate

A 0.3
A 0.4
A 05

A 0.6
log(rate)

-1.2
-1.6
-2.0
-2.4

(]
by
9
R
o
N log(rate) ppRate
10 A 03
A 0.4
-1.8
-2.6 A log(rate)
~ 16
34 I 0.4
42 l -0.8
-2.0

probabilities of rate shifts areindicated by the relative size of the grey triangles.
The silhouette was modified from the diagram created by the Cornell Lab of
Ornithology.E, early; L, late; M, middle; ppRate, posterior probability of rate shift.

Avialae

log(rate)

Avialae

Fig. 5| Evolutionary rate and rate shift of Bl and Cl across the Mesozoic theropod phylogeny. a, Bl. b, Cl. See Extended Data Figs. 8 and 10 for the results with the
complete names of taxa. Branch-specific evolutionary rates are denoted by the colour gradients. The posterior probabilities of rate shifts are indicated by the relative

size of the grey triangles.

Nature Ecology & Evolution | Volume 7 | August 2023 | 1257-1266

1262


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-023-02091-z

butthey are bothstatistically separated from non-paravian theropods
inthe forelimb morphospace. For the hindlimb, statistically significant
separations, found in each pairwise comparison but not non-avialan
paravians and non-paravian theropods, suggest that the avialan-like
limb proportions were established earlier in the forelimb than in the
hindlimb in theropod history, supporting the ‘pectoral early-pelvic
late’ hypothesis® . Taken together, the recovered patterns of dispar-
ity and rate of appendicular limb evolution demonstrate how the early
avialan body plan has been shaped deeply by natural selection driven
by powered flight.

Methods

Taxonomic sampling and morphological traits

Toinvestigate changesin body shape close to the origin of the Avialae,
we compiled linear measurements of limb bones across the whole spec-
trum of the Mesozoic theropod phylogeny, including early diverging
avialans. The length measurements—humerus, ulnaand radius, meta-
carpalll (carpometacarpus bone for avialans), femur, tibia (tibiotarsus
for avialans) and metatarsal Ill (tarsometatarsus bone for avialans)—
were obtained by direct measurement combined with published source
data (Supplementary Table 1). These limb bones were chosen because
they are generally well preserved and are often reported in studies,
making it feasible to trace their changes over large temporal and phylo-
geneticscales. Inaddition, they have been frequently used toinfer the
ecology of animals (particularly fossil taxa) because of their functional
and ecological relevance"***%** We omitted specimens that did not
preserve complete length for all six limb bones, given the controversy
regarding scaling relationships of limb size. All sampled specimens
were sub-adults or adults based on the well-ossified periosteal surface
of preserved elements, fusion degree of compound bones and bone his-
tology whenever this information was available. The dataset consisted
of109 taxa (avialans n = 55, non-avialan paravians n = 17, non-paravian
theropods n=37), encompassing nearly all well-recognized taxa, par-
ticularly those lineages that are phylogenetically close to the origins of
powered flight and avialans. To our knowledge, it represents the most
comprehensive dataset of this kind that focuses on limb bone changes
across the non-avialan theropod-bird transition, for example, 92 taxa
(including 8 invalid taxa) that had six complete limbbonesinref.7 and
39taxainref.8.

Phylogeneticinference

Although our understanding about the interrelationships between
non-avialan theropods and early diverging avialans, respectively, has
been advanced by recent studies******"*, a unified study explicitly
focusing on this broad phylogeny with sufficient taxonomicrepresenta-
tionsislacking. Therefore, aninformal supertree was assembled using
combined information from recent phylogenetic studies of avialan
and non-avialan theropods™***”"*, To account for taxa with competing
phylogenetic placementsindifferenthypotheses, especially taxa close
tothe origin of avialans whose phylogenetic positions have long been
debated, such as Anchiornis and the scansoriopterygids: Anchiornis
was assigned to avialans or troodontids>****** and scansoriopterygids
were considered as asister clade uniting avialans and deinonychus, or
assister clade to oviraptorans***°, Given that these taxa are close to
the node of the Avialae (the focus of this study), we manually assembled
four informal supertrees that explicitly account for the uncertainty
of those taxa. Specifically, supertree I treats Anchiornis as avialan and
the scansoriopterygids as asister clade that units avialan, troodontids
and dromaeosaurids; supertreell treats Anchiornis as troodontids and
scansoriopterygids asin supertreeI; supertree lll treats Anchiornis as
avialan and scansoriopterygids as a sister clade to oviraptorans; and
super tree IV treats Anchiornis as troodontid and scansoriopterygids
asinsupertreeIV. As for other taxa with competing phylogenetic posi-
tionsamong studies, branches subtending to these taxa were collapsed
as polytomies. Our main conclusions are not strongly impacted by

phylogenetic assumptions; thus, only the results derived from super-
treelisdescribedin the maintext (see the Supplementary Information
for results derived from other phylogenies). Because the downstream
comparative analyses methodologically require fully resolved trees,
polytomies were randomly resolved using the multi2di function in
the R package ape™. Toaccount for phylogenetic uncertainty, the four
primary supertrees were each randomly resolved 20 times, resulting
in 80 phylogenetic trees that were subjected to the following analy-
ses. The fully resolved supertree was time-calibrated using tip dates
bracketed by the first and last appearance datum of the geological
stages or epochsinwhichagiven taxonwas collected. We applied both
the ‘minimumbranchlength’ (mbl; here, one millionyears) and ‘equal’
methods to calibrate the tree using the timePaleoPhy function in the
R package paleotree®. The dated supertree was fed into subsequent
comparative analyses as the phylogenetic backbone (Extended Data
Figs.1-10 and Supplementary Figs.1-23; see other results at the OSF).
The different tree-calibrating methods did not alter our conclusion;
thus, the results from the mbl method are reported in the main text
(results derived fromthe ‘equal’ method are available at the OSF). Other
time-calibrating methods are available that have now being applied
to palaeontology, such as cal3 method and the fossilized birth-death
model within a Bayesian framework**"*°, However, these sophisticated
methods may not be applicable to our dataset and discrete morphologi-
cal characters because they require previous parameters (for example,
sampling estimates, origination and extinction rates) that are only
available for groups whose taxa have a true temporal range*”**, whereas
most of the known Mesozoic theropods including avialans are known
fromeither asingle specimen or alimited geological area.

Patterns of morphological disparity

To quantify and compare morphological variation along the line to
early diverging avialans, we used phylogenetic PCA to explore patterns
and modes of limb proportion evolution among taxa included in the
dataset. Traditional PCA analyses (without accounting for phylogeny
and body mass) were also performed for comparison. The length meas-
urements were log-transformed before the analyses to normalize the
distribution*’. The speciesincluded exhibited approximately 100-fold
size differences; thus, we performed a phylogenetic generalized square
regression of the log-transformed limb data against body mass using
the phyl.resid function in the R package phytools to account for the
size-dependent limb measurements®* %, Body mass was estimated
using an empirical equation derived from living bipedal tetrapods®**,
whichisbased onthe mediolateral/anteroposterior width of the femo-
ral shaft’. The resulting size-corrected length residues were subjected
to phylogenetic PCA to account for non-independence in trait values
between species because of shared history** using the phyl.pca func-
tion in the R package phytools®. Phylogenetic PCA was applied to
forelimb and hindlimb together and separately to analyse changes
in the whole body and focal regions that potentially exhibit differ-
ent patterns in response to major shifts in locomotion and habitats
(for example, cursoriality, flight, arboreal species) (Supplementary
Tables 2,4 and 5). Tovisualize the evolutionary path of limb proportion
towards early branching avialans, a phylogenetic morphospace was
constructed using PCs.

We quantified and compared the disparity in limb proportion
among major groups by assessing each specie’s PC scores. Three widely
used disparity matrices were calculated: the sum of ranges and vari-
ances, and the median distance from centroids®*°. Ranges describe
the distribution of morphological changes in sampled species and are
relatively free from the bias caused by the splitting of specimens. Vari-
ances capture the average dissimilarity among specimens and thus are
relatively independent from sample size bias*. The median distance
from centroids captures the median Euclidean distance of individual
specimens from the centroid or their group in morphospace occupa-
tion®. For intergroup comparisons, we subdivided taxainto three major
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groups: Avialae; non-avialan Paraves; and non-paravian theropods.
The Avialae were further divided into non-ornithothoracine Avialae,
Enantiornithes and Ornithuromorpha. Given the uneven species num-
bers among these groups, rarefaction analyses were performed to
determine to what extent morphological disparity is affected by sam-
plingbias. The disparity analyses were performed using the R package
disRity*’. A Welch’s t-test was used to test whether the disparity matrices
were statistically different among major groups using the test.dispRity
functioninthe R package disRity*’. To test whether some groups were
statistically distinct from other groups in morphospace occupation,
anon-parametric multivariate analysis of variance (PERMANOVA)
test was performed using the adonis function of the R package vegan
(Supplementary Tables 3 and 9)*.

Quantitative functional indices

In addition to limb measurements, two commonly used functional
indices were analysed: the Bl and CI. The BI (ulna and humerus
length) provides an accurate and reliable way of predicting external
wing morphology, and thus correlates with different flight models in
crown birds'®"*, This ratio is less than 1.0 in most flightless birds and
non-avialan theropods”. Few attempts have been made to quantify its
changes across the theropod phylogeny, particularly near the origin of
powered flight. The Cl is widely used to assess the terrestrial locomo-
tion performance of tetrapods (for example, speed, stride) and other
aspects of ecological adaptations, such as prey capture and stability
during perching®*°®', For non-avialan theropods, the Cl s calculated
asthelengthratio betweenthe tibia and femur, whereas for avialans, it
iscalculated as thelength ratio between the tarsometatarsus and tibio-
tarsus because of the nearly horizontally oriented femur and knee-based
locomotion in avialans'®”. We also calculated the Cl as the length ratio
betweenthetibiaand femurforall avialanand non-avialan theropods for
comparison. Thetwoindices, which are size-independent, were fed into
comparative analysesto explore their evolutionary changes andinter-
group disparity comparisons, following the same steps outlined above.

Rates of morphological evolution

We quantified the evolutionary rate of limb proportion across
the phylogeny within a Bayesian framework using the BayesTraits
v.4 tool (http://www.evolution.reading.ac.uk/BayesTraitsV4.0.1/
BayesTraitsV4.0.1.html). PC scores from the PC axes that account
for more than 95% of the variances were used as the input data for all
limbs, forelimb and hindlimb analyses, respectively. For the Bl and
Cl analyses, raw values were used. We applied a variable rate model
and reversible-jump Markov chain Monte Carlo method to estimate
branch-specific and clade-specific evolutionary rates, as well as the
location, probability and magnitude of rate shifts. Two independent
runs were performed, each with100 million generations for limb data
and 50 million generations for Cl and BI, respectively (to get conver-
gence and a>200 effective sample size). The first 25% of samples were
discarded as burn-in; every 1,000 generations were sampled. A step-
pingstone sampler algorithm was used to estimate marginal likelihood,
with asetting of 500 stones for every 5,000 generations. Chain conver-
gence and effective sample size were determined using the gelman.diag
and effectiveSize functionsin the R package coda (Supplementary Figs.
19-23 and Supplementary Table 11)°’. The branch-specific evolutionary
rate and posterior probability of rate shift from BayesTraits v.4 were
extracted using the R package btrtools (https://github.com/hferg/
BTRTools). The average evolutionary rate was plotted across the tree
using the protocol outlined in ref. 63. The evolutionary rates among
subdivided groups were compared using a mean rate scalar followed
by anon-parametric t-test for statistical significance.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Supplementary material is available online. The R code, raw data and
results derived fromthe phylogeny scaled using the ‘equal’method, and
the different phylogenetic hypotheses are available onthe OSF (https://
osf.io/8n3wt/?view_only=753148d6a15f478e8fa027890b6b9bde).

Code availability

TheR code usedinthe comparative analysesis archived and available
on the OSF (https://osf.io/8n3wt/?view_only=753148d6a15f478e8fa0
27890b6b9bde).
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Extended Data Fig. 1| Evolutionary changes of all appendicular elements across Mesozoic theropod phylogeny. The first and third principal components (PCs)
derived from pPCA of all limbs are mapped on the time-calibrated tree. a, PC1(=70.03% variances). b, PC3 (=6.7% variances).

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article https://doi.org/10.1038/s41559-023-02091-z

a b ,
O Avialae
. o .
~ Huaxiagnathus S+ Aucasaurus O non-avialan Paraves
o .
@ non-paravian theropod
Gorgosaurus,
Gigantorator|
w
=
S Coelophysis
e
=
9 —~
3 S
p> S Linheraptor
2- =i 2 Q Sinornithomimus
- ° <)
o Mononykus, (s}
3 Y 3 g
o a S
< | Limusaurus
ST o
1 o
o
[fel
Yi < _|
N o
o | 1
! Mononykus
Aucasaurus Deinocheirus ~ Cratonavis
T T T T T T
-0.5 0.0 0.5 -0.5 0.0 0.5
PC1 (85.53%) PC1 (85.53%)

Extended Data Fig. 2| Phylomorphospace of forelimb morphological disparity of Mesozoic theropods. The first three principal components (PCs) derived from
pPCA of forelimb are used. a, Binary plot of PCs1and 2. b, Binary plot of PCs1and 3.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article https://doi.org/10.1038/s41559-023-02091-z
a Nothronychus b e,—
o
Acrocanthosaurus
Sinornithosaurus
e
Khaan
0 Cruralispennia
o— Q
® S} Huaxiagnathus
Chiappeavis
o
S
Sinornithomimus o
3
S
Q 3 Sinornithomimus )
a X 2\ ‘
N N Ny, S o
> < (IR«
Z - &
~ © |G
D (Ve
S 1) ")”\
o o 8y \
5 =1 W
T @ .,{’ o} o
oYangavis
Khaan
Mahakalad o
Hongshanornis Oyanornis
o
Dingavisg ?
N
71 © Avialae
O non-avialan Paraves Patagopteryx
@ non-paravian theropod Gansus¢,
T T

T T T
-0.6 -0.4 -0.2

T
0.0 0.2 0.4

PC1 (83.80%)
Extended Data Fig. 3 | Phylomorphospace of hindlimb morphological disparity of Mesozoic theropods. The first three principal components (PCs) derived from
pPCA of hindlimb are used. a, Binary plot of PCs1and 2. b, Binary plot of PCs1and 3.

T T T
-0.2 0.0 0.2 0.4

PC1 (83.80%)

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article https://doi.org/10.1038/s41559-023-02091-z

a. b

8 -
e sum of variances median distance from centroid

8 -

o
o
g
o

o

3 -

o
Q4
@ o
o <

o

o
o | )
N o
o

o -

N
e i o
=

‘9 -

=

taxon taxon
o - T T T T T T T r T T T T T T
5 10 15 20 25 30 35 5 10 15 20 25 30 35
c sum of ranges
n
@
O Avialae
o © non-avialan Paraves
o~
@ non-paravian theropod
Q]
e ]
©
b
taxon
5 10 15 20 25 30 35 40

Extended Data Fig. 4 | Rarefaction of disparity curves of Mesozoic theropods showing that the results are not strongly affected by sampling bias.
Morphological disparity is quantified using three metrices: a, sum of variances; b, median distance from centroid; ¢, and sum of ranges. The dark and light surfaces
indicate the 50% and 95% confidence intervals, respectively.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article https://doi.org/10.1038/s41559-023-02091-z
a © Avialae Aucasaurus b I bl .
IS Fekkk
O non-avialan Paraves P
@ non-paravian theropod N
Tyrannosaurus o :
3 el
g !
S |
. < |
Limusaurus 5} [
© | !
o) 1
9_ |
S P &
N ' 1 :
° = '
Acrocanthosaurus X 1
|  —— |
o —
8
s Patacont /) Ingenia Avialae non-avialan non-paravian
5 atagepteryx A - Paraves theropod
3 "‘W’ Compsognathus
O “' -
% 34 dl”
ok
[+ T ek 1
sk
—_
te} I
o
o |
I
I
> 1
- &
o~ £ o
? d [ H
Mahakala g 0 T
— 1
S \ X
! =
Cratonavts o _I_I :
s |
o | R ——
canenae === :
te}
< |
< ° RN W
? A T T T T T T : g H
~06 —04 02 00 02 04 06 Avialae non-avialan non-paravian
Paraves theropod

pPC1 (63%)

Extended DataFig. 5| Evolutionary changes of brachial (BI) and crural (CI)
indices across Mesozoic theropod phylogeny. a, Phylomorphospace of Bland
crural Clindices with phylogeny accounted. b, ¢, Comparison of disparity among
three subgroups using standard deviations of Bl (b) and CI (c), respectively

(The boxes represent the median, the first and the third quartile of the
morphological disparity; n =109 species). Morphological disparity was
compared using Welch'’s ¢-test for statistical significance (***two-sided p-value
threshold <0.05).

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-023-02091-z

a b (o
all limb *axx 0.06 forelimb " hindlimb s
. [
I 1 i I 1
0.06 o f 1 o
 — Haar 0.09 1
1
& 0.04
3
o 0.04
§ 0.06
c
©
0]
=
0.02
0.02 0.03
0.00 0.00 0.00
© \\ 2 3 A\ N e o N
$8° 8@ "8‘\0 R 8% "b“\o $o° 8% @“\a
la 2 oo LN la 2 oo N la 2 o 2y
O @ O ® O @ PO O O
P me‘o o «\e‘o o «\e‘o

Extended Data Fig. 6 | Comparison of evolutionary rate of subgroups of
Mesozoic theropods. Evolutionary rates are significantly different in all pairwise
comparisons. The mean rate scalar is the mean of the rate scalars calculated in the
post-burn-in posterior distribution under the variable rate evolutionary model

(The boxes represent the median, the first and the third quartile of the mean rate
scalar; n=109 species). a, Allappendicular elements. b, Forelimb. ¢, Hindlimb.
Evolutionary rate among subgroups were compared using a nonparametric ¢-test
for statistical significance (****: p < 0.00005).

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-023-02091-z

Herrerasaurus ischigualastensis
= Coelophysis bauri i -
= Dilophosaurus wetherilli

= Limusaurus inextricabilis

Aucasaurus garridoi

Allosaurus fragilis

Australovenator wintonensis
Acrocanthosaurus atokensis

Daspletosaurus torosus
Tyrannosaurus rex

Gorgosaurus sternbergi

Gorgosaurus libratus

Guanlong wucaii i i
‘Tanycolagreus topwilsoni

Compsognathus I’c_zlngipes

Sinosauropteryx prima

uaxjagnathus orientalis
Sinocalliopteryx gigas i i i .
= Sinornithomimus dongi

Struthiomimus altus .

. == Anserimimus planinychus
Qrnithomimus edmontonicus
Gallimimus bullatus

Deinocheirus mirificus

L] Beishanlong grandis

Haplocherius sollers

= Nqwebasaurus thwazi

- Mononykus olecanus
Bannykus wulatensis

Tqi
Ambopteryx

ir Eoraptor lunensis .
Eodromaeus murphi

[ —— |
0.338 brachial index 1.187

= Caihong juji
T Deinonychus antirrhopus
L

Nothron%chus graffami
haan"mckennai . .
Ingenia yanshini

Protarchaeopteryx robusta
Caudipteryx dongi . . .
Gigantoraptor erlianensis

Epidendrosaurus ningchengensis

i Jinfengopteryx elegans
L Sinorr%th%id’gs you%gi

—= Sinornithosaurus millenii
= Linheraptor exquisitus

, = Velociraptor mongoliensis
Zhengyuanlong suni .
Zhongjianosadrus yangi

Tianyuraptor ostromi .
icroraptor gui

Bambiraptor feinbergi

Mahakala omnogovae

Anchiornis huxleyi
Archaeopteryx

Jeholornis .
Eoenantiornis
Concornis
Cruralispennia
Shangyang .
Piscivorenantiornis

== Sulcavis
I == Longusunguis
Bohaiornis .
Parabohaiornis .
Monoenantiornis
Chiappeavis
Parapengornis
Pengornis
Eopengornis

Protopteryx
rchaeorhynchus .
%anchangom,ls
lengciusornis
— Schrgoou,ra
e Bel[ulornis
Eogranivora
Xinghaiornis
s DiNQaviIs

Hongshanornls .
arahongshanornis
Longicrusavis
ianyuornis
Archaeornithura .
Similiyanornis
norni

a
Abitusavis
 Gansus
= Iteravis
Yixianornis .
Piscivoravis
- Sapeornis
Jinguofortis i
Cratonavis .
>hongmingia .
Eocopfuciusornis zhengi
Yangavis ) X
Contuciusornis dui .
Changchengornis hengdaoziensis
Confuciusornis sanctus

() I;I
=2

Patagopteryx

I I
0 50

I | |
100 150 200

time from the root

Extended Data Fig. 7 | Evolutionary changes of brachial index across time-calibrated Mesozoic theropod tree.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

https://doi.org/10.1038/s41559-023-02091-z

Article
<
a
@
%%,
2
©
R
2, % \\”\0.5
s, ’.o% o e
0%, o N o b
4,% e, 0@'\“ o *kkk
o, % & o o
%, W e° 1
O Sy M et
Dy, 00y, log(Rate o s i i
O g, %, 9(Rate) € o™ non-significantly
o, 0 A 020 NoE
” s, 14 . AR - [ 1
Z
gu%ms 1.0 0.25 wrond' i Fekedk
/; "9 preryd tiomis 0.075
ngch < 0.6 qvorenant!
Contye, Orms, 0.2 0.30 piscivO!
Ciusorns g, - B Shangyand
Contciusommy g -0.2 035
ONUSIUSOrrs gty i 0 . _concomis
Eoconfuciusornis § - _1'0 Cruralispennia
Jeholornis | ' ropfiomrerasaurs
Archaeopteryx & | OMILUs .
Anchiornis ooty ©/0Physis ©
O, T 0.050
Tianyuraptor 1‘ s 8
Limy, Q
‘Sauyy, =
jraptor" anosaurus s
BambirePO ™ 1 gjanos |oﬂ9\ ©
ngyue"” o, c
7re oy ®©
1of o, []
0P o S g0, s
anake® W N N & ey A, A “ea,
" o FN & o o, ot e 0.025
K § 2
o€ ® N 3ty O
il & @ v o
2\0° of O 60 ENI 2
N8 ¢ S $ $
e & NG $ §
e o & & & 3
N , S
N : 5 2y
§ . %
N : % %,
L $ 3 8, e %, 0.000 —_—
§ & N * % %
© §’ g %* ‘%‘1& }Aso
& 8§ @ %, R, o o o
S .
$ % % we® $0° @@
& g 5 % o2 o RN
N g % & A\ N s $)
g § 8 % ?a‘a o ¥
& g § 2 9 S AN
¢ Y5 £ 3]s 3
§ = £ 3
& S g s § 3 3
ES Y
s ¢ 3§ 3 %
S 3
= &

Extended Data Fig. 8 | Evolutionary changes of brachial index across
Mesozoic theropod phylogeny. a, Branch specific evolutionary rates and rate
shifts (Branch specific evolutionary rates are denoted by the color gradients.
Posterior probabilities of rate shifts are indicated by the relative size of the

grey triangles). b, Comparison of evolutionary rate of brachial index among
subgroups (The boxes represent the median, the first and the third quartile of the
mean rate scalar; n =109 species). Evolutionary rates are significantly differentin
all pairwise comparisons except between Avialae and non-paravian theropods.
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Extended Data Fig. 10 | Evolutionary changes of crural index across Mesozoic
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b, Comparison of evolutionary rate of brachial index among subgroups
(The boxes represent the median, the first and the third quartile of the mean

rate scalar; n =109 species). Evolutionary rates are significantly differentin all
pairwise comparisons.

theropod phylogeny. a, Branch specific evolutionary rates and rate shifts
(Branch specific evolutionary rates are denoted by the color gradients. Posterior
probabilities of rate shifts are indicated by the relative size of the grey triangles).
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avialans)—were obtained by direct measurement in combined with published source data.
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Data collection Linear measurements of limb bones across the whole spectrum of Mesozoic theropod phylogeny were obtained by direct
measurement in combined with published source data by the corresponding author Min Wang.

Timing and spatial scale  The fossil samples span the whole spectrum of Mesozoic theropod phylogeny.

Data exclusions We omitted specimens that do not preserve complete length for all six limb bones, given the controversy regarding scaling
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