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Reconstructing the history of biodiversity has been hindered by
often-separate analyses of stem and crown groups of the clades in
question that are not easily understood within the same unified
evolutionary framework. Here, we investigate the evolutionary
history of birds by analyzing three supertrees that combine pub-
lished phylogenies of both stem and crown birds. Our analyses
reveal three distinct large-scale increases in the diversification rate
across bird evolutionary history. The first increase, which began
between 160 and 170 Ma and reached its peak between 130 and
135 Ma, corresponds to an accelerated morphological evolutionary
rate associated with the locomotory systems among early stem
birds. This radiation resulted in morphospace occupation that is
larger and different from their close dinosaurian relatives, demon-
strating the occurrence of a radiation among early stem birds. The
second increase, which started ∼90 Ma and reached its peak be-
tween 65 and 55 Ma, is associated with rapid evolution of the
cranial skeleton among early crown birds, driven differently from
the first radiation. The third increase, which occurred after ∼40 to
45 Ma, has yet to be supported by quantitative morphological
data but gains some support from the fossil record. Our analyses
indicate that the bird biodiversity evolution was influenced mainly
by long-term climatic changes and also by major paleobiological
events such as the Cretaceous–Paleogene (K–Pg) extinction.

birds | biodiversity | radiation | diversification rate |
morphological evolution

The evolution of global biodiversity is a focal area of study in
both evolutionary biology and paleontology, but its examina-

tion has been approached in different ways. Neontological studies
reconstruct the history of biodiversity mainly by analyzing the
tempo and mode of diversification based on molecular timetrees
composed of extant species (1). By contrast, paleontologists nor-
mally measure past biodiversity by investigating morphological
evolution and taxic diversity from the fossil record (2). This di-
chotomy in both methodology and data sources is best exemplified
by recent studies on the evolution of bird biodiversity (the ver-
nacular term “birds” is equivalent to the phylogenetic taxon
“Avialae” in the present paper; see Methods and SI Appendix,
Supplemental Text A). For example, the time-calibrated phylog-
eny of extant birds and related diversification rate analyses have
revealed a rapid diversification of crown birds (equivalent to the
phylogenetic taxon “Aves”) near the Cretaceous–Paleogene (K–Pg)
boundary followed by a period of low-level net diversification rates
starting about 50 Ma (3–5). Paleontological studies have revealed
high morphological evolutionary rates both prior to and after the
origin of Avialae (6–14), and an increased taxonomic diversity in
the Early Cretaceous based on the known Mesozoic fossil record
(15) (SI Appendix, Supplemental Text B). However, these results
are not directly comparable and are difficult to be evaluated within
the same evolutionary framework given that they are based on
different evaluation parameters of bird diversity.

Results and Discussion
Bird Lineage Diversification Rate through Time. Lineage diversifi-
cation rate through time (DRTT) analyses are widely applied to
examine the history of biodiversity using molecular data but are
rarely implemented in paleontology in part because few analytical

tools are available. The only two studies relevant to DRTT of stem
birds have produced contradictory results (6, 16). One study sug-
gests an accelerated diversification rate for early stem birds (6),
but the other study reveals no such increase (16). Here, we as-
sembled three informal supertrees that combine the published
phylogenies (3, 5, 9, 11–14) of both stem- and crown-group birds
(here referred to as Supertrees 1 through 3, which contain 331,
300, and 300 taxa, respectively; seeMethods and SI Appendix, Figs.
S1–S5 and Supplemental Text C; stem birds refer to nonavian
avialans) in order to infer the diversification rate shifts over time by
utilizing Bayesian phylogenetic approaches under the skyline fos-
silized birth–death (SFBD) model. This approach has the advantage
of modeling the evolutionary process explicitly and incorporating
diverse data sources while taking into account uncertainties in the
parameters, a feature absent among the methods applied in previ-
ous studies on the biodiversity of other extinct groups including
stem birds (6, 16). Importantly, the SFBD model considers both
extinction events and fossil sampling, two important factors for
reconstructing diversification dynamics which previous studies ig-
nored (see Methods and SI Appendix, Supplemental Text D).
It should be noted that there are debates about whether a

correlation exists in evolutionary rates across different types of
data and between morphological and molecular evolution and
lineage diversification (17–23). For example, among vertebrates, a
correlation has been found between morphological evolution and
speciation rate in ray-finned fishes (24) and species richness or
speciation rate in birds (25, 26), between morphological evolution
and species richness in salamanders (27), and between molecular
evolution and species richness and diversification rate in birds and
reptiles (28, 29). However, a correlation has not been detected
between morphological and molecular evolutions in mammals
(30), between morphological evolution and diversification rate in
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salamanders (23), squamates (22), and mammals (31), and be-
tween molecular evolution and diversification rate in mammals
(32). This complexity cautions estimating diversification rate based
on combined datasets of different types. However, there is em-
pirical evidence supporting the correlation between morphological
and molecular evolution and diversification rate in reptiles and
birds (25, 26, 28, 29). Furthermore, we also have considered this
factor by applying different (and independent) evolutionary
models for morphological and molecular evolution when building
Supertrees 1 through 3, and the lineage diversification rates were
calculated based on the supertrees and corresponding node and
tip ages in the trees, independent of the morphological and mo-
lecular data (SI Appendix, Supplemental Text E).
Our DRTT analyses reveal the same diversification patterns in

Supertrees 1 through 3, and this pattern remains unchanged under
various prior assumptions (see Methods and SI Appendix, Sup-
plemental Text D). Specifically, we recover three distinct large-
scale net diversification rate increases across bird evolutionary
history (Fig. 1 A–C and SI Appendix, Figs. S6–S8). The first in-
crease began between 160 and 170 Ma and reached its peak be-
tween 130 and 135 Ma. The second increase started ∼90 Ma and
reached its peak between 65 and 55 Ma, though the majority of
this increase is complex (e.g., the increase is fluctuating between
90 and 70 Ma and there is a harsh drop during 65 to 70 Ma). The
third large-scale increase occurred after ∼40 to 45 Ma. Our results
are similar to the collective results from previous studies of the
lineage diversification rate for stem and extant birds (3, 4, 6) in
revealing these three distinct large-scale lineage diversification
rate increases, but they also display some differences to previous
studies. For example, the only study revealing an accelerated di-
versification rate for stem birds was unable to show when the rate
shifts occurred and what the rates are because of limitations in the
methodology (6). The DRTT analyses of crown birds alone do not
reveal a distinct decrease in lineage diversification rate around the
K–Pg extinction (3, 4), an event considered to have a large impact
on the biodiversity of birds as well as many other organismal
groups (13, 33). However, it should be noted that our study also
was unable to detect a decrease in lineage diversification rate
between ∼25 and 10 Ma revealed by some previous studies (3),
and that may result from the assumption of random sampling of
extant species used in our analyses.
To investigate the previous failures to reveal a decrease in

lineage diversification rate around 66 Ma (3, 4), we ran the anal-
yses on Supertrees 1 through 3 with all fossil species of crown birds
excluded. The results still display a distinct decrease of net diver-
sification rate between 70 and 65 Ma (Fig. 1 D–F), suggesting that
the known fossil record of crown birds has no major effect on re-
construction of the lineage diversification rate around the K–Pg
boundary. We further excluded Vegavis and the Late Cretaceous
stem birds from ref. 13 and reran the analyses using only the
backbone trees of Supertrees 1 through 3. Interestingly, the results
show a continuous increase in the net diversification rate across the
K–Pg boundary rather than a large drop (Fig. 1 G–I). These
analyses thus demonstrate that stem bird fossils rather than crown
bird fossils have the critical impact on the diversification rate es-
timation around K–Pg boundary, and the failure to reveal a de-
crease in the lineage diversification rate during the K–Pg extinction
event is likely the result of the limited fossil sampling of Late
Cretaceous stem birds, not of crown birds. In other words, it is stem
birds that contribute to the main bird diversity around the K–Pg
boundary, consistent with the known paleontological data (13,
34–36) and most recent time-calibrated phylogenetic hypotheses of
extant birds (3–5, 37, 38). Nevertheless, our analyses demonstrate
that fossil data have different effects on the study of speciation,
extinction, and sampling rates in different time intervals (SI Ap-
pendix, Figs. S9–S11), during which stem and crown birds con-
tribute differently to the overall biodiversity.

We also ran the analyses on Supertrees 1 through 3 using the
lineage-specific multitype birth–death (MTBD) model (39) imple-
mented in Beast2 (40). Unlike the SFBD model, the MTBD model
assumes that different lineages or clades can have different speci-
ation and extinction rates (39, 41). The analyses revealed multiple
diversification rate shifts among crown birds but failed to detect any
diversification rate shift among stem birds (SI Appendix, Figs.
S12–S20). This might have been caused by the inconsistency be-
tween model assumptions. Most notably, the MTBD model favors
only large rate changes and the sampling rate of extinct species is
constant over time (39, 41), while the actual fossil record of birds
suggests variable rates in bird evolution (42). In this case, the shift in
net diversification rate could be inferred inaccurately (41). Conse-
quently, we chose to accept the results from the analyses based on
the SFBD model for our discussion on bird biodiversity evolution
(see Methods and SI Appendix, Supplemental Text D).

Morphological Evolution of Birds. The increases in the lineage di-
versification rate suggest three radiations are present in bird evo-
lution, and we further tested this hypothesis by examining the
morphological evolutionary rate along the lineage to extant birds.
We did not perform the morphological evolutionary rate analyses
on Supertrees 1 through 3 because the relevant morphological data
for most of the taxa in Supertrees 1 through 3 are not available and
also because it is important to compare the morphological evolu-
tionary rates of stem birds with those of their close dinosaurian
relatives (which are absent in Supertrees 1 through 3) in order to
better understand the radiation among early stem birds. Conse-
quently, we used a comprehensive character matrix from ref. 7,
with a slight modification (we deleted five wildcard taxa and added
a newly discovered taxon), which includes 853 characters coded
across 148 species of both stem and crown birds and other coe-
lurosaurian theropods (see Methods and SI Appendix, Supple-
mental Text F).
Our analyses of the morphological data matrix based on dif-

ferent relaxed clock models produced a similar pattern for the
morphological evolution of birds and their close dinosaurian
relatives. Morphological evolution is rapid along the internal
branches between the Tyrannoraptora and Ornithothoraces
nodes and is slow along the internal branches crownward of the
Ornithothoraces node (Fig. 2A and SI Appendix, Figs. S21A and
S22A). The high morphological evolutionary rates along the
phylogenetically earliest internal branches of birds (PEIBB)
provide further support for the occurrence of a radiation among
early stem birds.
However, the morphological evolutionary rate is slightly lower

along PEIBB than along the internal branches between the
Tyrannoraptora and Archaeopteryx + Pygostylia nodes (Fig. 2A
and SI Appendix, Figs. S21A and S22A). To further understand the
morphological evolution pertaining to the origin of birds, we ran the
analyses on the partitioned data matrix (i.e., the skull, axial skeleton,
pectoral girdle, forelimb, pelvis, and hindlimb). Our analyses indi-
cate that morphological evolutionary rates in different anatomical
regions were extremely heterogenous during coelurosaurian evolu-
tion (Fig. 2 B–G). Compared to most other coelurosaurian lineages
(including most bird lineages), the PEIBB have considerably higher
evolutionary rates in the pectoral girdle, forelimb, and hindlimb
(Fig. 2 D, E, and G and SI Appendix, Figs. S21 D, E, and G and
S22 D, E, and G), and the branch between the Aves and Neo-
gnathae nodes also displays a relatively high evolutionary rate in the
skull (Fig. 2B and SI Appendix, Figs. S21B and S22B). We further
examined coelurosaurian morphological evolution under different
phylogenetic constraints and relaxed clock models. The recovered
patterns of evolution in the postcranial skeleton are strong, and
those in the cranial skeleton vary slightly under different assump-
tions (see Methods and SI Appendix, Supplemental Text F).
In a broader view, our analyses revealed two peak rates of

coelurosaurian morphological evolution along the branches leading
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to the origins of Maniraptoriformes and Pennaraptora, respectively
(Fig. 2A), representing two important evolutionary events along the
line to birds. These two peaks differ in which skeletal regions were
involved and how fast these skeletal regions evolved. The first peak
is linked with accelerated evolution in the cranial and axial skeleton
(Fig. 2 B and C and SI Appendix, Figs. S21 B and C and S22 B and
C) and the second peak with comparatively rapid evolution in the
postcranial skeleton (Fig. 2 C–G and SI Appendix, Figs. S21 C–G
and S22 C–G). These two peaks also are associated with significant
changes pertaining to diet, locomotion, and physiology in coe-
lurosaurian evolution (43–45) (Fig. 2 and SI Appendix, Supple-
mental Text G and Figs. S21 and S22). These peaks are consistent
with previous qualitative analyses, which suggest the origin of some
major bird characteristics well before the origin of Avialae (43).
Finally, we compared the morphological disparity and mor-

phospace occupation of birds and other coelurosaurian clades

based on the same character matrix (Fig. 3). When the unparti-
tioned data matrix is used to calculate a distance matrix and
compare morphological disparity, most tests are significant re-
gardless of whether or not crown birds are included and which
distance matrix is used (SI Appendix, Supplemental Text H). This
result demonstrates that stem birds occupy a larger morphospace
than other coelurosaurian clades (Fig. 3A). When the matrix is
partitioned, stem birds are not significantly different from other
coelurosaurian clades in cranial, axial, and pelvic morphospaces
(Fig. 3 B, C, and F and SI Appendix, Figs. S23–S25 B, C, and F,
S27, S28, S31, S34, S35, and S38 and Tables S1 and S2), but they
have a significantly larger morphospace in the pectoral girdle,
forelimb, and hindlimb datasets (Fig. 3 D, E, and G and SI Ap-
pendix, Figs. S23–S25 D, E, and G, S29, S30, S32, S36, S37, and
S39 and Tables S1 and S2). Most results of the permutational
multivariate analysis of variance (PERMANOVA) are significant,
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Fig. 1. Diversification of birds through time. Estimates of the tree-wide lineage net diversification rate calculated in 5-My intervals (line segments) based on
Supertree 1 (A), Supertree 2 (B), and Supertree 3 (C). (D–F) are based on supertrees without fossil crown birds and (G–I) on the three backbone supertrees. The
rates at the last three time intervals for Supertree 1 and at the last interval for Supertrees 2 and 3 are not shown in the figures because of the absence of
branching events resulting in model violation and inaccurate rate estimates. The rates were estimated under default prior assumptions (SI Appendix, Sup-
plemental Texts C–E). The red boxes around medians are 95% highest posterior density (HPD) intervals.
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and nearly all results of the comparative distance test are signifi-
cant, indicating that birds occupy a different area in the multi-
variate morphospace as compared to that of other coelurosaurians
in all six anatomical regions (Fig. 3 and SI Appendix, Figs. S23–S25
and Tables S3 and S4). In other words, birds are a notable outlier
in coelurosaurian morphospace. This conclusion remains robust
with crown birds excluded, the phylogenetic uncertainty of several
taxa, and using different distance matrices (SI Appendix, Supple-
mental Text H).
Previous studies also show the general, rapid morphological

evolutionary rates among early stem birds (6–10, 46–48). However,

they differ from our study in providing no information on which
anatomical regions evolved comparatively faster among early stem
birds because of the lack of partitioned analyses (7–9). They reveal
no difference in evolutionary rates among the different anatomical
regions (46), or indicate high evolutionary rates among early stem
birds in those anatomical regions [e.g., axial skeleton (10), hindlimb
(6, 47), or pelvic girdle (49)] different from our study (the whole
locomotory system, particularly the flight apparatus). Two studies
comparing the morphological disparity between Mesozoic birds and
other theropod dinosaurs (6, 7), including the one upon which the
dataset for our analyses is based (7), failed to reveal a larger and
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Fig. 2. Simplified cladograms showing morphological evolutionary rates of birds and nonavialan dinosaurs based on the WN relaxed-clock model without
any extra phylogenetic constraint. This figure is derived from SI Appendix, Fig. S21 by collapsing all nonavialan dinosaurian clades into single branches with
the relative position of rate shifts in these clades denoted with short colored bars. The black circles represent Avialae and the black stars represent Pygostylia.
The rates presented in the cladograms were estimated from an unpartitioned character matrix (A) and a partitioned character matrix of skull (B), axial
skeleton (C), pectoral girdle (D), forelimb (E), pelvis (F), and hindlimb (G) (SI Appendix, Supplemental Texts F and G). Rate bar 1 for (A) and rate bar 2 for (B–G).
Abbreviations: Out, Outgroup; Tyr, Tyrannosauroidea; Com, Compsognathidae; Orn, Ornithomimosauria; Alv, Alvarezsauroidea; The, Therizinosauria; Ovi,
Oviraptorosauria; Tro, Troodontidae; Dro, Dromaeosauridae. Silhouettes are from http://phylopic.org/.

4 of 8 | PNAS Yu et al.
https://doi.org/10.1073/pnas.2019865118 Deep time diversity and the early radiations of birds

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 2
3.

15
8.

10
4.

19
1 

on
 S

ep
te

m
be

r 
14

, 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
23

.1
58

.1
04

.1
91

.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019865118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019865118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019865118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019865118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019865118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019865118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019865118/-/DCSupplemental
http://phylopic.org/
https://doi.org/10.1073/pnas.2019865118


different morphospace for stem birds as compared to nonavialan
theropods (SI Appendix, Supplemental Text B and H). It should be
noted that one published abstract revealed a larger disparity among
stem birds in the anatomical modules [all postcranial regions (49)]
different from our study (forelimb, pectoral girdle, and hindlimb).

Biodiversity Evolution and Climate-Induced Vicariance and the K–Pg
Extinction Impact. Our analyses of lineage divergence rates for
birds suggests the presence of at least three major radiations in
bird evolution (Fig. 1), and our analyses of morphological evo-
lutionary rate for birds provide further support for the first two

radiations (i.e., the one among early stem birds and the one
among early neognathous birds; Fig. 2). The presence of the first
radiation is supported further by our morphological disparity
analyses (Fig. 3 and SI Appendix, Fig. S40). Our morphological
evolutionary rate and disparity analyses both indicate that the
key structures for flight, including the forelimb and pectoral
girdle of early stem birds, evolved at much higher rates as
compared to those of their close dinosaurian relatives (Figs. 2 D
and E and 3 D and E), suggesting that the first radiation probably
relates to the invasion of a new ecospace (i.e., aerial space).
Previous morphometric studies also suggest that the functional
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disparity of the forelimb and pectoral girdle skeleton in Mesozoic
birds is large (50–53). These presumably aerial adaptations were
probably influenced by the selective extinction of small-sized
nonpterodactyloid pterosaurs near the Jurassic–Cretaceous
boundary (54).
The second radiation is associated with cranial modifications,

which probably are related to a diversification in diet and for-
aging behavior (11, 55), and that difference likely suggests that
the selection on the skeleton during the second radiation was
different from that of the first radiation (Fig. 2 and SI Appendix,
Fig. S40). However, from the perspective of morphological evo-
lution, comparatively limited morphological data and taxon sam-
pling for crown birds in our analyses might not be able to fully
illuminate the evolutionary signals for early crown birds. For ex-
ample, besides cranial modifications, pedal specializations for
different ecological roles also appeared quickly among early crown
birds (12), but that change was not detected by our analyses.
Future morphology-based analyses for early crown birds are thus
required to better understand the second radiation.
The third radiation occurring after ∼40 to 45 Ma is indicated by

our DRTT analyses, as well as previous DRTT studies (3, 4), but
our morphological evolution analyses are unable to provide sup-
port for this radiation given the limited morphological dataset
used in our analyses. Nevertheless, this third radiation (near in
time to the Eocene–Oligocene boundary and its associated global
cooling event) previously has been proposed based on molecular
data (56, 57) and seems to have some support from the fossil
record (58). However, improved fossil sampling and sample sizes
around Eocene–Oligocene transitional period is required to better
understand and document this hypothesized radiation.
While from the perspectives of functional morphology and

ecology, the radiations of early stem and early crown birds ap-
pear to have derived from different factors in selection, and our
reconstructed lineage diversification rates of birds are in general
negatively correlated with recently published global temperature
curves from the Jurassic to the recent (59, 60) (SI Appendix, Fig.
S41). Previous studies have suggested that the diversity of crown
birds was driven by climate-induced vicariance (3). In other
words, the net diversification rate increased during cooling pe-
riods as the result of the fragmentation of megathermal forests
and decreased during warm periods attributed to the expansion
of megathermal forests and connectivity with homogenization of
avifaunas (3). Our analyses provide further support for this in-
terpretation and indicate that the diversity of stem birds was
probably similarly derived. Global temperatures dropped from
the Late Jurassic into the Early Cretaceous (59, 60). That tem-
perature change likely resulted in fewer megaplants and patchier
forests, and that idea is supported by paleobotanical evidence
(61, 62). This botanical change might have facilitated allopatric
speciation of stem birds and led to the first major radiation in bird
evolution. Multiple lines of evidence including molecular system-
atics and fossils suggest the expansion of megathermal forests
during the middle Cretaceous (63–66). This forestation might have
contributed to the low net diversification rates in birds during the
middle Cretaceous. Slowdowns in lineage diversification during this
period also are known in some other terrestrial animals such as
most Mesozoic ground-living dinosaurs (16), and they suggest that
the middle Cretaceous super greenhouse climate had a major
impact on the terrestrial vertebrate evolution. However, the evo-
lution of some terrestrial vertebrate groups including mammals and
some dinosaurian groups such as ceratopsians and hadrosauroids
displays a different pattern. Their biodiversity, functional mor-
phology, and ecology are suggestive of a radiation possibly linked
with the increased plant diversity during the middle Cretaceous
super greenhouse climate (16, 67, 68). This pattern suggests that
different animal groups have been affected differently by past cli-
mate changes and plant evolution.

There is strong evidence for the diversification of stem birds
immediately before the K–Pg boundary (13, 34–36), as well as
the subsequent radiation of crown birds in the earliest Paleogene
(12, 34–36), as revealed by our DRTT and morphological evo-
lution rate analyses (Figs. 1 and 2). The Late Cretaceous in-
crease in lineage diversification rate revealed by our analyses is
likely related to the fragmentation of megathermal forests during
the Late Cretaceous cooling event (69), and a long-term cooling
event is absent in early Paleogene. Thus, the early radiation of
crown birds was probably not influenced by long-term climatic-
induced vicariance. More likely, it is the K–Pg extinction with its
related ecological and environmental changes that is re-
sponsible for the evolution of bird diversity around the K–Pg
boundary. The extinction wiped out stem birds and the volant
pterosaurs, providing an ecological release (13, 70), and this
change facilitated the radiation of crown birds in the earliest
Paleogene (3, 13).

Conclusions
Our DRTT analyses under the SFBD model on a combined
dataset of crown and stem birds, together with the morphological
evolution analyses, reveals a number of interesting evolutionary
patterns of bird diversification dynamics, some of which are not
revealed or well documented in previous studies. Previous studies
demonstrate that there are identifiability issues with the model’s
parameters when only extant (71) or extinct (72) species are used
in the analyses. However, our analyses that combine both the
extinct and extant species (such as the SFBD model in Bayesian
framework) are not influenced by the identifiability issues. Our
study provides further support for the central role of fossil data in
understanding macroevolutionary patterns and processes, includ-
ing diversification dynamics, and in particular for the questions
related to the evolution of stem groups or deep divergences of
crown clades. Our results demonstrate the importance of the in-
tegration of both data and methodology in understanding the
macroevolution of major organismal groups, and particularly
those groups with a long history of extinct stem taxa already
possessing the characteristic, innovative apomorphic morphologies
and ecologies of its living relatives. However, our study also
highlights some issues for future studies using the integrated ap-
proach to understanding macroevolution. For example, we dem-
onstrate how to combine different types of data and how to choose
different measures, models, and statistical methods that are im-
portant and seem to be clade-specific and variable for different
questions. This approach requires not only expertise across mul-
tiple disciplines but also further development of relevant meth-
odologies (SI Appendix, Supplemental Text D and E).

Methods
Time-Scaled Informal Supertree Assembly.We assembled Supertrees 1 through 3
by combining published bird phylogenies (3, 5, 9, 11–14). First, we assembled
three backbone trees (SI Appendix, Fig. S4 C and D) by combining respectively
the stem bird phylogeny in ref. 9 to three crown bird phylogenies (i.e., the
molecular-clock calibrated tree in ref. 3 and two molecular-clock calibrated
trees in ref. 5). The median root age of the tree in ref. 3 is 92.5 Ma. Tree one in
ref. 5 is given in the main text of ref. 5, and its median root age is 72.9 Ma.
Tree two in ref. 5 is given in the SI Appendix of ref. 5, and its median root age
is 78.4 Ma. Both trees are Bayesian trees. The first tree did not use Vegavis as a
fossil calibration point. The second tree included Vegavis as a fossil calibration
point, and hence the estimates of node ages and branch lengths are different
between the two trees. The molecular-clock calibrated tree in ref. 3 and the
stem bird tree in ref. 9 are combined to assemble Supertree 1; molecular-clock
calibrated tree one and tree two in ref. 5 and the stem bird tree in ref. 9 are
respectively combined to assemble Supertree 2 and Supertree 3. The diver-
gence times of the stem birds were estimated using a Bayesian tip-dating
approach on the fixed topology. The fossil ages were assigned uniform pri-
ors with lower and upper bounds from the corresponding stratigraphic ranges.
Second, we added the following 48 additional fossil birds to each of the three
backbone trees: 18 Late Cretaceous stem birds from the Adams consensus tree
in ref. 13 (SI Appendix, Fig. S4E), 1 stem bird and 11 crown birds from the
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maximum parsimony tree in ref. 11 (SI Appendix, Fig. S4F), 11 crown birds from
the Bayesian maximum clade credibility tree in ref. 14 (SI Appendix, Fig. S4A),
and 7 crown birds from the tree with backbone constraints in ref. 12 (SI Ap-
pendix, Fig. S4B).We estimated the divergence times of these fossil birds using
the same tip-dating approach on the fixed topologies from these references.
The fossil ages in the subsequent tip-dating analyses were given fixed values as
the posterior medians if they had been estimated already in previous runs. The
other fossil ages were assigned uniform distributions with lower and upper
bounds collected from the Paleobiology Database (PBDB). Node calibrations
were enforced if they were necessary to reconcile with the backbone tree
(reference SI Appendix, Table S5 for details).

Diversification Rate Analyses.We applied the SFBD model (73, 74) to infer the
diversification and fossil-sampling rate changes over time, using Supertrees 1
through 3 as input. This method allows for a joint estimation of net diver-
sification rate (speciation rate minus extinction rate), relative extinction rate
(extinction rate over speciation rate), and relative fossil-sampling rate (fossil
sampling rate divided by the sum of extinction and fossil-sampling rates)
across different time intervals. Extant taxa were assumed to be sampled
uniformly at random, and the sampling proportion was set to 0.023 for
Supertree 1 and 0.02 for Supertrees 2 and 3, based on the number of de-
scribed extant species of birds at around 10,000. To examine the robustness
of the rate estimates to the prior changes, we used different parameters in
the exponential priors for the net diversification rate [exponential (50), ex-
ponential (20), and exponential (10)] and beta priors for the relative ex-
tinction and fossil-sampling rates (beta [1, 1], beta [2, 2], beta [1, 4], and beta
[4, 1]). Time was binned into 33 equal-duration intervals of 5 My each. The
results are given in SI Appendix, Figs. S6–S8 and Tables S6 and S7. We also
applied the MTBD model (39, 41) implemented in Beast2 (40) to estimate the
diversification rate based on Supertrees 1 through 3, and the details for
parameter settings and results are given in SI Appendix, Figs. S12–S20.

Morphological Evolution Rate Analyses. Our evolutionary rate analyses were
performed on a discrete character matrix modified from the matrix in ref. 7 from
which we estimated the tree topology, divergence times, and evolutionary rates
simultaneously using the Bayesian tip-dating approach. The character matrix was
partitioned into six anatomical modules—skull, axial skeleton (including verte-
brae, ribs, and gastralia), pectoral girdle (including pectoral girdle, sternum, and
furcula), forelimb, pelvis, and hindlimb. Each partition was allowed to have in-
dependent rate variation across branches, following either the white noise (WN)
(75) or independent lognormal (76) relaxed clock model, in order to assess
evolutionary rate heterogeneity across modules. We used the Markov k-states
variable (Mkv) model (77) with gamma-rate variation across all characters (78) for
the likelihood calculation. The timetree was assigned a uniform prior (79), and
the root age had an offset exponential prior with a mean of 181 Ma and a
minimum of 177Ma. The fossil ages obtained from PBDB were assigned uniform
priors. Both Allosaurus fragilis and Sinraptor dongiwere treated as outgroups. In
consideration of the phylogenetic uncertainty within Paraves, we repeated
our analyses with a monophyletic Avialae + Dromaeosauridae or Avialae +
Deinonychosauria phylogenetic constraint. We also conducted analyses

based on the unpartitioned matrix to test whether the pattern of mor-
phological evolution was similar to those recovered in previous studies (8).

Morphospace Analyses.Weperformed themorphospace analyses on the same
dataset with the six character partitions used in the evolutionary rate
analyses. Both the Maximum Observable Rescaled Distance (MORD) matrix
and Generalized Euclidean Distance (GED) matrix were calculated based on
each partition’s cladistic matrix (80, 81). We then applied the principal co-
ordinate analysis with either MORD or GED matrix to ordinate all coeluro-
saurians into a multivariate morphospace. Two disparity metrics were used
to evaluate the volume of the morphospace, including the sum and product
of the variances. For each of the clades, we used a permutation test (two
tailed) to test the null hypothesis of no difference between birds and the
clade being compared (SI Appendix, Tables S1 and S2). We also performed a
suit of sample size–corrected permutation tests with two more disparity
metrics included (sum of ranges and product of ranges), and the results are
given in SI Appendix, Figs. S26–S39. PERMANOVA (one tailed) was used to
test the overlap in morphospace occupation between birds and other coe-
lurosaurian clades (SI Appendix, Table S3). We also repeated our analyses on
the unpartitioned cladistic matrix. Finally, we performed a suit of compar-
ative distance tests to compare the relative differences between the dif-
ference of Mesozoic birds and their closely-related clades and that of other
coelurosarian groups and their closely-related clades (SI Appendix, Table S4).

Code Availability. The tip-dating and diversification-rate analyses were per-
formed using MrBayes 3.2.8 (82). Polytomy resolution and supertree as-
sembly was accomplished in Mesquite 3.6 (83). The statistical tests in the
morphospace analyses were performed in R 3.6.1 (84). Scripts for disparity
analyses, Beast2 commands for lineage-specific multitype birth–death model
analyses and MrBayes commands for tip-dating, diversification-rate, and
morphological evolution-rate analyses are available at https://doi.org/10.
6084/m9.figshare.12666338.

Data Availability. The datasets including character matrix for tip dating and
nexus files for supertrees used in this study are available on Figshare (https://
doi.org/10.6084/m9.figshare.12666338). All other study data are included in
the article and/or SI Appendix.
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