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Significance

Despite modern DNA advances, 
scientists still know little about 
how and when early bird groups 
evolved. Using new approaches 
to mine genomic information 
among 124 species covering 
most of modern bird diversity, 
we found that the main lineages 
of birds first divided into two 
groups: one mostly land-based 
and the other containing 
water-associated species. We 
demonstrate that modern birds 
date back further than previously 
assumed, much earlier than the 
dinosaurian extinction event, 
which seems to have had a 
limited impact on birds’ 
evolution. Instead, a warming 
event around ~55 Mya appears 
to have triggered the 
diversification of modern 
seabirds. Our study indicates that 
the radiation of modern birds 
was in remarkable lockstep with 
that of flowering plants and other 
organisms.
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The phylogeny and divergence timing of the Neoavian radiation remain controversial 
despite recent progress. We analyzed the genomes of 124 species across all Neoavian 
orders, using data from 25,460 loci spanning four DNA classes, including 5,756 cod-
ing sequences, 12,449 conserved nonexonic elements, 4,871 introns, and 2,384 inter-
genic segments. We conducted a comprehensive sensitivity analysis to account for the 
heterogeneity across different DNA classes, leading to an optimal tree of Neoaves with 
high resolution. This phylogeny features a novel Neoavian dichotomy comprising two 
monophyletic clades: a previously recognized Telluraves (land birds) and a newly cir-
cumscribed Aquaterraves (waterbirds and relatives). Molecular dating analyses with 20 
fossil calibrations indicate that the diversification of modern birds began in the Late 
Cretaceous and underwent a constant and steady radiation across the KPg boundary, 
concurrent with the rise of angiosperms as well as other major Cenozoic animal groups 
including placental and multituberculate mammals. The KPg catastrophe had a limited 
impact on avian evolution compared to the Paleocene–Eocene Thermal Maximum, 
which triggered a rapid diversification of seabirds. Our findings suggest that the evolu-
tion of modern birds followed a slow process of gradualism rather than a rapid process 
of punctuated equilibrium, with limited interruption by the KPg catastrophe. This study 
places bird evolution into a new context within vertebrates, with ramifications for the 
evolution of the Earth’s biota.

Neoavian phylogeny | molecular clock | modern bird divergence | gradualism |  
punctuated evolution

The phylogenetic relationships among modern birds (crown Aves) have been intensively 
studied in the past decade (1–3). This research has corroborated the traditional basal 
division of modern birds into two monophyletic clades, Palaeognathae (flightless birds) 
and Neognathae (the majority of living birds), and the division of Neognathae into 
Galloanserae (landfowl and waterfowl) and all remaining birds (Neoaves, ~95% of living 
birds) (4, 5). Despite the increasing size of genomic datasets, however, phylogenetic 
relationships among Neoaves have remained in conflict across this new crop of genome-scale 
studies (2, 3). The intractability of early avian relationships has been attributed to a 
“Neoavian explosion” after the KPg boundary extinction event, when the demise of 
nonavian dinosaurs and other megafauna would have led to a global vacuum with sub-
sequent ecological release, fueling the rapid diversification of Neoaves and other major 
animal lineages (2, 3).

Meanwhile, initial beliefs that more data, either in terms of genomic or taxon sampling, 
or both, will ultimately resolve phylogenetic uncertainties in the Tree of Life have not yet 
been borne out (6–10). The successful reconstruction of the Tree of Life is subject to 
multiple factors, such as comprehensive taxon sampling, rigorous locus sampling, sufficient 
coverage of different types of DNA loci, and the use of appropriate tree-building models. 
To resolve the controversies surrounding phylogenetic relationships and diversification 
timing of Neoaves, it is necessary to strike a balance among these critical factors (8–11).

In this study, we assembled genome-scale data from 118 species representing all 35 
orders of Neognathae. We additionally sampled seven outgroup taxa, including six pal-
aeognaths and the American alligator (Dataset S1). Our genomic data comprise four 
different classes of DNA loci—5,756 coding sequences (CDS), 12,449 conserved non-
exonic elements (CNEE), 4,871 introns, and 2,384 intergenic segments, with a total of 
20,652,290 aligned base pairs (SI Appendix, Materials and Methods). We applied NJst, a 
fast, accurate “two-step” species tree method based on the neighbor-joining algorithm and 
derived from the multispecies coalescent model, which can infer a species tree from 
unrooted gene trees without the need to commit to an outgroup and can handle missing 
data (12). Moreover, we applied concatenation methods rooted in maximum likelihood 
(ML) approaches as implemented in RAxML (13).
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Results

Effect of DNA Classes on Tree Inference. We performed intensive 
sensitivity analysis using both NJst and RAxML to examine the 
phylogenomic utility of each of the four DNA classes on species 
tree inference. NJst trees estimated from CDS, CNEE, and 
intergenic segments, respectively, were consistent with previous 
studies (1–3) regarding basal divisions in birds long considered 
resolved (SI Appendix, Figs. S1 and S2A). In contrast, the intron-
based NJst tree grouped Galloanserae with Palaeognathae, not with 
Neoaves (SI Appendix, Fig. S2B). The NJst trees based on the four 
individual DNA classes included 5, 11, 7, and 7 low-confidence 
nodes (bootstrap support (BS) < 70%) with a minimum bootstrap 
confidence of 51%, 14%, 37%, and 45% for CDS, CNEE, introns, 
and intergenic segments, respectively (SI Appendix, Figs. S1–S3). 
All these low-confidence nodes were located deep within Neoaves, 
indicating that the maximum likelihood gene trees built from each 
of the four DNA classes alone do not contain sufficient phylogenetic 
signal to fully resolve the relationships within Neoaves.

Applying a concatenation approach using RAxML to each of 
the four DNA classes produces trees with higher putative node 
support compared to corresponding NJst trees. All resultant con-
catenation trees supported the well-established basal divisions in 
birds, with the exception of intergenic segments, which separated 
the tinamous (Tinamiformes) from Palaeognathae to form the 
sister clade to Neognathae (SI Appendix, Figs. S4 and S5). The 
four concatenation trees based on individual DNA classes com-
prised 0, 4, 1, and 3 low-confidence nodes (BS < 70%) with a 
minimum bootstrap confidence of 85%, 58%, 57%, and 55% 
for CDS, CNEE, introns, and intergenic segments, respectively 
(SI Appendix, Fig. S3). The low-confidence nodes in the CNEE 
concatenation tree failed to resolve four key nodes deep within 
Neoaves (SI Appendix, Fig. S4B). In contrast, the CDS, intronic, 
and intergenic concatenation trees were each well-resolved at the 
ordinal level, but exhibited substantial incongruences with one 
another, indicating that different DNA classes contain conflicting 
phylogenetic signal (SI Appendix, Figs. S4 and S5).

We next examined the number of significantly discordant nodes 
(with BS >= 80%) across trees constructed from the four DNA 
classes, testing for the significance of these differences between NJst 
and RAxML trees using a binomial test. In pairwise comparisons 
between NJst trees constructed from CDS and CNEE, CDS and 
intergenic segments, CDS and introns, CNEE and intergenic 
segments, CNEE and introns, and intergenic segments and introns, 
there were 13, 21, 13, 14, 2, and 17 significantly discordant nodes, 
respectively (Fig. 1A). The same pairwise comparisons between 
RAxML trees yielded 20, 30, 20, 25, 5, and 27 significantly dis-
cordant nodes (Fig. 1A), revealing that comparisons of concatenated 
RAxML trees based on different DNA classes resulted in a much 
higher number of significantly discordant nodes than comparisons 
of coalescent NJst trees, and also underscoring the substantial 
conflict in phylogenetic signal among the four DNA classes.

Compatibility of Phylogenetic Signal across DNA Classes. To 
examine the goodness of fit of the multispecies coalescent model 
(MSC) to the four DNA classes, we calculated triplet frequencies 
of the ML gene trees built from each DNA class, respectively. 
According to the MSC, the frequencies of two minority triplets 
should be roughly equal if gene tree heterogeneity is caused mainly 
by incomplete lineage sorting (14, 15). We tested for significance 
in the difference between frequencies of two minority triplets 
using a binomial test with a Bonferroni correction for multiple 
comparisons. In addition to the gene tree heterogeneity introduced 
by estimation error (16), the MSC accounts for 76.9%, 96.5%, 

95.3%, and 87.7% of gene tree heterogeneity in CDS, CNEE, 
introns, and intergenic segments, respectively, indicating that it 
has a good overall fit (Fig. 1B).

To better assess the conflicting phylogenetic signals among the 
four DNA classes, we calculated the proportion of species tree 
triplets for which significant majority gene tree triplets are topo-
logically discordant across the four DNA classes, meaning their 
underlying alignments contain significantly conflicting signals as 
measured by the bootstrap. A binomial test of significance was 
performed, with P-values adjusted using a Bonferroni correction 
for multiple comparisons. The resultant proportions of discordant 
majority triplets were less than 1% in all six pairwise comparisons 
among DNA classes (Fig. 1C), suggesting that the ML gene trees 
built from the four DNA classes are compatible and can be com-
bined to build a species tree using coalescence-based methods.

Effects of DNA Class Combinations on Species Tree Inference. 
To obtain a consistent and well-resolved phylogeny of Neoaves, 
we assessed the phylogenomic suitability of all 11 combinations 
involving two or more types of DNA classes across the four 
DNA classes using NJst. Two criteria were adopted to find the 
best combination of DNA classes based on the assumption that 
such a combination should maximize branch support in the 
corresponding NJst tree: 1) the minimum node support of the 
tree constructed from the combined DNA classes should be higher 
than the minimum support values of the trees built from each of 
the individual DNA classes, and 2) the number of nodes with a 
bootstrap support smaller than 50% and 70% of the tree built 
from the combined DNA classes should be less than that of the 
trees built from each of the individual DNA classes. Based on 
the two criteria, we determined that the combination of CDS, 
introns, and intergenic segments performs better than all other 
combinations and is most suitable for constructing a robust 
species tree (SI  Appendix, Fig.  S6). As a result, we eliminated 
CNEE from subsequent analysis. The resultant NJst tree involving 
CDS, introns, and intergenic segments was well resolved, with 
all but seven nodes receiving high branch support (BS >= 80%) 
(SI Appendix, Fig. S7). A RAxML tree based on the concatenated 
CDS, introns, and intergenic segments was largely congruent 
in topology with the corresponding NJst tree (SI  Appendix, 
Fig. S8A). This phylogeny identified many novel clades in Neoaves 
with high confidence, foremost a basal division into two major 
lineages, one mainly containing land birds (Telluraves) and 
another mainly containing waterbirds and relatives (which we 
designate Aquaterraves).

Robustness of Novel Neoavian Relationships. The new Neoavian 
phylogeny built from the combination of CDS, introns, and 
intergenic segments uncovered a novel basal clade, Aquaterraves, 
uniting a wide array of waterbirds and their relatives. All seven low-
confidence nodes in this new phylogeny (BS < 80%) were located 
within Aquaterraves, and this clade itself received a relatively low 
bootstrap support (BS = 78%) (SI Appendix, Fig. S7). The accuracy 
of inferring species trees can be compromised by gene trees that 
deviate significantly from gene trees predicted by the coalescent 
model. Recent studies suggest that excluding these outlier gene 
trees can potentially improve the fit of the coalescent model and 
ultimately enhance the accuracy of species tree inference (17, 18). 
To evaluate the robustness of the new phylogeny of Neoaves, we 
compared the species tree constructed using all gene trees to trees 
constructed by excluding outlier gene trees.

We calculated quartet distances between the new phylogeny 
and each of the ML gene trees estimated from CDS, introns, and 
intergenic segments, respectively (SI Appendix, Materials and D
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Methods). We sorted ML gene trees by quartet distances from the 
highest to the lowest and then created eight subsets of data by 
successively removing the highest 5%, 10%, 15%, 20%, 25%, 
30%, 35%, and 40% of the sorted ML gene trees built from CDS, 
introns, and intergenic segments, respectively. We then con-
structed species trees using NJst from the eight subsets. The results 
show that the topology of all highly supported nodes (BS ≥ 80%) 
remains unchanged, whereas five low-confidence nodes (BS < 
80%) experienced topological changes across trees built from the 
eight subsets (Fig. 2 and SI Appendix, Figs. S7, S9, and S10). 
Storks (Ciconiiformes) were grouped with penguins (Sphenisciformes) 
and tubenoses (Procellariiformes) with relatively low branch sup-
port (BS = 74%) in the tree built from the full dataset but emerged 
as the sister taxon to a lineage containing pelicans and allies 
(Pelecaniformes) and gannets (Suliformes) with high branch sup-
port (BS = 99%) in the tree built from the subset eliminating the 

highest 30% of outlier gene trees (Fig. 2 and SI Appendix, Figs. S7, 
S9, and S10). The other four low-confidence nodes were charac-
terized by roughly equally low branch support (BS < 80%) across 
trees built from the eight subsets. The bootstrap value supporting 
the monophyly of Aquaterraves increased with the removal of 
outlier gene trees, reaching 100% after the removal of 25% of top 
outlier gene trees (Fig. 2 and SI Appendix, Figs. S7, S9, and S10). 
Moreover, the bootstrap support value for the subclade grouping 
Charadriiformes, Gruiformes, Apodiformes, and Caprimulgiformes 
increased from 80% in the tree built from the full dataset to 92% 
in the tree built from the subset eliminating 35% of gene trees 
(Fig. 2 and SI Appendix, Figs. S7, S9, and S10). Notably, while 
node support remained below 80%, the sister taxon relationship 
between Charadriiformes and Gruiformes was stable across all 
trees (i.e., full dataset and each of the eight subsets) (Fig. 2 and 
SI Appendix, Figs. S7, S9, and S10).

Fig. 1. Effects of the four individual DNA classes on species tree inference. (A) Comparison of the number of significantly discordant nodes for trees estimated 
using NJst and RAxML methods across all six pairwise combinations of DNA classes. The significance of differences between NJst and RAxML trees was examined 
using a binomial test. Note that the number of significantly discordant nodes (bootstrap support >= 80%) for trees built using RAxML is significantly greater 
than for trees built using NJst. (B) Consistency of the four DNA classes with the multispecies coalescent model. The concordant ratio indicates the proportion 
of gene tree heterogeneity that can be explained by the multispecies coalescent model. (C) Compatibility of maximum likelihood gene trees built from the four 
DNA classes. The discordant ratio indicates the proportion of significantly discordant majority triplets across all pairwise comparisons among DNA classes. 
Abbreviation: Inter, intergenic.
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We adopted three criteria to identify the best topology among 
trees built from the eight subsets: 1) maximizing bootstrap support 
for the novel clade Aquaterraves within Neoaves; 2) maximizing 
bootstrap support for other unchanged nodes; and 3) retaining as 
many gene trees as possible. Based on these criteria, the tree built 
from the subset containing 70% of ML gene trees, i.e., after 
removal of 30% of outlier loci, produced the most reliable topology 
for crown Aves, hereafter referred to as the “optimum tree” (Fig. 2). 
We also built a concatenation tree using RAxML based on the 

subset containing 70% of loci. This concatenation tree was largely 
consistent with the optimum tree in topology, supporting the divi-
sion of Neoaves into Telluraves and Aquaterraves (SI Appendix, 
Fig. S8B).

Overall, the major relationships in the species tree constructed 
using all gene trees were found to be stable and very similar to 
those obtained when a certain percentage of the outlier gene trees 
removed. The discrepancies were mostly observed in relationships 
that were not strongly supported by the data. The analysis of 
outlier gene trees indicates that removing atypical gene trees can 
considerably improve the resolution of the inferred species tree.

Causes of Low-Confidence Nodes in Aquaterraves. Our analysis 
of branch robustness across datasets revealed five nodes within 
the new Aquaterraves with low branch support across trees built 
from the full dataset and the eight subsets of outlier removal. To 
verify whether these low branch support values were caused by 
conflicting phylogenetic signal among DNA classes or by a lack of 
sufficient phylogenetic signal, we quantified triplet frequencies in 
ML gene trees built from CDS, introns, and intergenic segments, 
respectively. We then measured the proportion of significant 
majority triplets of ML gene trees, which amounted to 88.1%, 
83.6%, and 76% for ML gene trees built from CDS, introns, 
and intergenic segments, respectively, for the entire tree. When 
restricting this calculation to the clade comprising the new 
Aquaterraves, however, the proportion of significant majority 
triplets decreased to 55.8%, 36%, and 38% for the same DNA 
classes (SI Appendix, Fig. S11A). In the meantime, the proportions 
of majority triplets exhibiting significant conflict among one 
another was below 1% for both the whole tree and the clade 
comprising Aquaterraves across ML gene trees built from all three 
DNA classes (SI Appendix, Fig. S11B). These results suggest that 
low-confidence nodes within Aquaterraves are not caused by 
conflicting phylogenetic signal among DNA classes, but rather by 
a lack of sufficient phylogenetic signal in the dataset.

Dating of Nodes within the Avian Tree. We applied 20 conservatively 
selected fossil constraints to date the optimum tree (SI Appendix, 
Materials and Methods). For the divergence of crown Aves, we assigned 
the age of the earliest known member of crown Aves, Asteriornis 
maastrichtensis (66.7 Ma) (19), as the minimum bound and the age 
of the earliest known member of Ichthyornithes, Ichthyornis dispar 
(94.3 Ma) (20), as the maximum bound. The clade Ichthyornithes 
has played a substantial role in biologists’ understanding of the origin 
of crown Aves, given their consistent phylogenetic placement close 
to crown Aves across different studies (20, 21). Ichthyornithes are 
arguably the member of the Ornithurae exhibiting the most complete 
fossil preservation and a well-known stratigraphical duration, with 
fossil representation across 10 Ma, extending from the Cenomanian 
to Campanian (~95 to 83.5 Ma) (22). Therefore, it is reasonable to 
use the age of the oldest known fossil of Ichthyornithes, I. dispar, as a 
maximal bound of crown Aves. In addition, we conducted sensitivity 
analyses to evaluate the impact of even earlier fossil Ornithurae taxa 
on dating, assigning Enaliornis barretti (105.3 Ma)—the earliest 
known Hesperornithes—and Gansus yumenensis (122.8 Ma)—the 
earliest known Gansus—as maximum bounds for the divergence of 
crown Aves (21, 23), along with the remaining 19 fossil calibrations.

We performed dating analysis on the optimum tree using 
MCMCTree (24) with CDS data and the full set of 20 fossil 
constraints (SI Appendix, Materials and Methods). Our results show 
that interordinal diversification of modern birds largely occurred 
in the Late Cretaceous and underwent a continuous radiation 
across the KPg boundary. Based on the lower level of 95% CIs, 
there are approximately 15 avian orders that likely originated in 

Fig. 2. Phylogenetic relationships of modern birds. The time-calibrated tree 
of 124 avian species was constructed using the coalescence-based method 
NJst from a combination of maximum likelihood gene trees of CDS, intron, and 
intergenic segments after removing 30% outliers. Numbers on nodes indicate 
bootstrap support values, with numbers >90% not shown. Background shading 
indicates the Late Cretaceous era.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 C
A

S 
IN

ST
IT

U
T

E
 O

F 
Z

O
O

L
O

G
Y

 o
n 

Ja
nu

ar
y 

7,
 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

12
4.

16
.1

49
.6

5.

http://www.pnas.org/lookup/doi/10.1073/pnas.2319696121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319696121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319696121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319696121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319696121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319696121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319696121#supplementary-materials


PNAS  2024  Vol. 121  No. 8  e2319696121� https://doi.org/10.1073/pnas.2319696121   5 of 9

the Paleogene, whereas the origin of the remaining 24 orders falls 
within the Late Cretaceous (Fig. 3). Similar dating results were 
obtained when constrained with the fossils of E. barretti and G. 
yumenensis as the maximum bound for the divergence of crown 
Aves, respectively (SI Appendix, Fig. S12 and Datasets S2–S4).

Analysis of Changing Diversity of Modern Birds across Time. 
Louca and Pennell (27) recently showed that some methods for 
estimating diversification rates suffer from identifiability problems. 
But this warning does not mean that such efforts should be 
abandoned (28), and there is still considerable information in 
some extant-only methods for understanding the diversification 
process (29). To understand diversification dynamics over time 
across our optimal tree, we analyzed the time tree of modern 
birds using a maximum likelihood method for detecting shifts in 
diversification rate, implemented in the R package TreePar (30, 31). 
Because the method applied here aims to estimate the timing of 
shifts in diversification rate rather than diversification rates per se, 
the identifiability concerns outlined by Louca and Pennell likely 
do not apply. The divergence times of the time tree were fit to the 
birth—death models with 0, 1, 2, 3, and 4 rate shifts, respectively. 
Rate shifts were estimated in a grid of 1-My step between 2 and 
110 Mya (30). Utilizing the likelihood ratio test, models with 
0, 1, and 2 rate shifts were rejected with a P-value < 0.05. In 
contrast, the model with 3 shifts was not rejected, as indicated 
by a P-value > 0.05 (SI Appendix, Table S1). Thus, this likelihood 
ratio test favors a model with 2 rate shifts occurring at 68 My, and 
81 My. In addition, 100 bootstrap samples of divergence times 
were generated to construct the 90% CI [0.26, 0.7] and [0.68, 

0.87] for the two shift estimates. The results suggest that crown 
Aves underwent two shifts in diversification rate, both of which 
occurred in the Late Cretaceous before the KPg mass extinction 
event.

Causes of Incongruence with Previous Dating Estimates. Recent 
phylogenetic analyses of large-scale DNA matrices have supported 
an explosive radiation of crown Aves after the KPg boundary in the 
Paleogene (2, 3), contradicting our dating results. We performed 
sensitivity analyses to examine the cause of conflict with the results 
of the two most comprehensive previous studies.

Eighteen out of 20 fossil calibrations used by Jarvis et al. (2) 
can be applied to our optimum tree. In addition, our taxon sam-
pling includes all 48 avian species and the outgroup, American 
alligator, sampled by Jarvis et al. We performed two dating anal-
yses using the above 18 fossil calibrations on two different trees: 
one is our optimum tree based on 125 taxa, and another is a 
reduced tree including only the 49 taxa used by Jarvis et al., gen-
erated by excluding 76 species from the optimum tree but other-
wise maintaining its topological structure. Our results show that 
the ages estimated using the reduced tree are consistent with the 
findings of Jarvis et al., supporting a rapid radiation of crown Aves 
post the KPg boundary in the Paleogene (SI Appendix, Fig. S13A). 
In contrast, the ages estimated using the full tree are consistent 
with the results of this study, supporting a continuous radiation 
of crown birds from the Late Cretaceous across the KPg boundary 
until the Paleogene (SI Appendix, Fig. S13B).

In a similar approach, 15 fossil calibrations employed in this 
study were derived from Prum et al. (3). To examine the cause of 

Fig. 3. Interordinal diversification of modern birds and placental mammals from the Late Cretaceous to the Paleogene. Note that both crown Aves and placental 
mammals underwent a constant and steady differentiation across the KPg boundary, without apparent interruption by the KPg mass extinction event. The 
green background indicates the increase of taxonomic diversity of flowering plants. The data on placental mammal and angiosperm diversity are based on Liu 
et al. (25) and Condamine et al. (26), respectively.
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conflict with the results of Prum et al., we performed dating anal-
yses using our optimum tree based on the fossil constraint settings 
by Prum et al., that is, the maximum bound of all avian fossil 
calibrations was set to 65 Ma, and the minimum and maximum 
constraints for the divergence of crown Aves were set to 60.5 and 
86.5 Ma, respectively. The results of this dating analysis are con-
sistent with the findings of Prum et al., supporting a rapid radia-
tion of crown Aves post the KPg boundary (SI Appendix, 
Fig. S14A). Next, we performed dating analysis by relaxing the 
maximum bound on fossil constraints utilized by Prum et al., 
leading to results that contradict the findings of Prum et al., but 
are consistent with the findings of this study, and support a con-
tinuous radiation of crown Aves across the KPg boundary from 
the Late Cretaceous until the Paleogene (SI Appendix, Fig. S14B).

Our results demonstrate that the dating results of Jarvis et al. (2) 
are biased toward younger age estimates due to sparse taxon sampling 
(SI Appendix, Fig. S13), whereas the dating results of Prum et al. (3) 
can only be obtained by imposing a strict restriction on the maxi-
mum bound of all avian fossil constraints to 65 Ma (SI Appendix, 
Fig. S14). The younger dating estimates caused by sparse taxon 
sampling might be due to the node density effect, that is, phyloge-
netic inference tends to underestimate the true amount of molecular 
changes along lineages when taxon sampling is sparse (32). After 
overcoming the aforementioned issues, the dating results of the two 
recent studies are consistent with this study, supporting a continuous 
radiation of crown Aves during the Late Cretaceous and through 
the KPg boundary (SI Appendix, Figs. S13 and S14).

Discussion

Phylogenetic Relationships of Neoaves. Our optimum tree provides 
consistent resolution of phylogenetic relationships within Neoaves, 
which comprise the bulk of modern birds and whose relationships 
have long been phylogenetically controversial, dividing them into 
two basal clades, a previously recognized Telluraves (landbirds) (33) 
and a newly circumscribed Aquaterraves (waterbirds and relatives) 
(Fig. 2).

Within Telluraves, the optimum tree supports the large and 
previously established monophyletic clade Coraciimorphae (3) as 
the most basal clade (Fig. 2). It also uncovers a novel monophyletic 
clade, uniting Accipitriformes (hawks) and Strigiformes (owls), 
which we designate Hieraves. The Hieraves are sister to Australaves 
(34), a known clade consisting of Passeriformes (perching birds), 
Psittaciformes (parrots), Falconiformes (falcons), and Cariamiformes 
(seriemas).

The optimum tree identifies two highly supported lineages within 
the newly circumscribed clade of Aquaterraves (Fig. 2). One lineage, 
named Aequorlitornithes (3), contains a number of aquatic groups 
as well as the enigmatic hoatzin (Opisthocomiformes), as successive 
sister taxa to Aequornithes (core waterbirds). Another lineage, which 
we name Litusilvanae, consists of Charadriiformes (shorebirds), 
Gruiformes (cranes and allies), and Caprimulgimorphae (swifts, 
hummingbirds, and nightjars). The optimum tree strongly supports 
grouping pigeons (Columbiformes) and a number of related orders 
within Aquaterraves; their relationships have been particularly 
unstable across previous genomic studies (2, 3), and their exact 
position within Aquaterraves remains controversial even in our 
dataset, requiring future attention.

Uninterrupted Radiation of Modern Birds across the KPg 
Boundary. The new timeline for modern bird diversification 
offered by this study improves our understanding of vertebrate 
evolution to one in which the early radiation of birds largely 
parallels that of other organisms, such as angiosperms, mammals, 

fishes, and insects (Fig. 4). Using data from diverse sources, we 
show that the taxonomic diversity of crown Aves, placental 
mammals, multituberculate mammals, ray-finned fishes and 
holometabolous insects (butterflies, bees, ants, etc.) is positively 
correlated with the rise of angiosperms during the Late Cretaceous 
and Paleogene (Fig. 4 and SI Appendix, Fig. S15), suggesting that 
angiosperm blooms promoted diversification in these animal 
groups. Naturally, the formation of angiosperm forests and other 
dense habitats would have had cascading effects on animals by 
providing fruits, seeds, and other biomass, in both terrestrial and 
aquatic ecosystems, driving the diversification of invertebrates, 
then insectivorous vertebrates feeding on them, and finally 
carnivores feeding on the new assemblages of smaller animals.

Galliformes and Anseriformes were the earliest modern-day 
neognath birds, appearing in our optimum tree at about 87.8 Ma 
(95% CI: 82.1 to 93.5), ~20 My prior to previously accepted 
estimates (2, 3) (Fig. 3). This incongruence notwithstanding, the 
appearance of both orders is consistent with multiple potential 
early fossils of crown Aves. Foremost among these putative Late 
Cretaceous crown Aves are Teviornis gobiensis (~70 Ma) and Austinornis 
lentus (~85 Ma), which are considered possible Anseriformes and 
Galliformes, respectively (38–41). Beyond these two fossils, Olson 
and Parris (42) described nine avian species from the Maastrichtian 
age of the Late Cretaceous under the newly established family 
Graculavidae and considered them primitive Charadriiformes. 
They also considered Tytthostonyx glauconiticus (~66 Ma) a prim-
itive species of seabird, belonging either to modern Pelecaniformes 
or Procellariiformes. We estimated the origination time of 
Charadriiformes and the common ancestor of seabirds to be ~76 
Ma (95% CI: 81.1 to 70.8) and ~70.8 Ma (95% CI: 76 to 65.9), 
respectively, agreeing with the fossil evidence presented by Olson 
and Parris. At the same time, the exact phylogenetic positions of 
these aforementioned fossils remain controversial (38–42). Future 
fossil discoveries are avidly awaited to clarify their phylogenetic 
positions and corroborate our dating results.

We used the fossil of a stem group member of the Fregatidae, 
Limnofregata azygosternon, as the minimum bound (51.58 Ma) 
for the divergence between Fregatidae and Phalacrocoracidae 
(SI Appendix, Fig. S19). The estimated age for the divergence 
between Fregatidae and Phalacrocoracidae is 40.57 Ma (95% CI: 
43.99 to 37.15 Ma) (Fig. 2 and Dataset S2), which is younger 
than the fossil constraint placed on this node. Limnofregata is 
considered one of the best available fossils of early pelecaniform 
birds and shows some affinity with extant frigatebirds (43). In 
strong contrast to extant frigatebirds which live in oceanic envi-
ronments, however, Limnofregata used to live in freshwater envi-
ronments, suggesting a transition from freshwater to a marine 
lifestyle in the course of pelecaniform evolution (44, 45). Since 
we placed a minimum fossil constraint to date the node of 
Fregatidae and Phalacrocoracidae, our result is consistent with 
recent studies suggesting that the Eocene occurrence of Limnofregata 
preceded a long transition of early pelecaniforms into marine frig-
atebirds (44, 45).

The origin of placental mammals is commonly placed in the Late 
Cretaceous (25, 46–48), and the radiation of both placental and 
multituberculate mammals is thought to have been continuous across 
the KPg boundary (25, 35). Notably, the basal divergences of both 
Neoaves (~87.2 Ma, 95% CI: 81.6 to 92.8) and placental mammals 
(~87.3 Ma, 95% CI: 85.2 to 89.5) (25) occurred almost concurrently 
during the Late Cretaceous (Fig. 3). Furthermore, within Neoaves 
and placental mammals, the basal divergence of Telluraves (landbirds, 
~86 Ma, 95% CI: 80.4 to 91.5) occurred nearly simultaneously with 
that of Atlantogenata (Xenarthra and Afrotheria, ~85.8 Ma, 95% 
CI: 83.7 to 88) (25), and the basal divergence of Aquaterraves D
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(waterbirds and relatives, ~81 Ma, 95% CI: 75.6 to 86.4) occurred 
at approximately the same time as that of Boreoeutheria 
(Euarchontoglires and Laurasiatheria, ~81.4 Ma, 95% CI: 79.5 to 
83.3) (25). The contemporaneous diversification of modern birds 
and mammals could well be driven by the Angiosperm Terrestrial 
Revolution event, the rise and increasing dominance of angiosperms 
during the Late Cretaceous and early Paleogene (49).

Uniquely among Neoaves, a tight assemblage of six orders forming 
the core waterbirds (Aequornithes) is noteworthy by virtue of their 
relatively young origin in the Early Eocene (~50 Ma; Figs. 2 and 3). 
Most members of this group are seabirds and include such lineages 
as penguins, albatrosses, loons and pelicans. Our results confirm their 
explosive origin in the wake of the Paleogene-Eocene Thermal 
Maximum (PETM) event (~56 Ma) when a sudden spike in atmos-
pheric carbon led to increased temperatures and strong ocean acid-
ification across the globe (50) (Figs. 3 and 4). After surviving the 
PETM crisis, the common ancestor of Aequornithes found itself in 
a global environment that was slowly but steadily cooling, gradually 
creating marine conditions more conducive to the survival and diver-
sification of ocean fishes and the seabirds feeding on them (Fig. 4). 
Today, the bulk of aequornithine diversity can be found in the 
nutrient-rich waters of the polar and subpolar seas of the world. 
Under some projections, anthropogenic climate change would create 
PETM-like atmospheric conditions, which might lead to a repeat 
of the marine extinction crisis that unfolded ~56 Mya.

Overall, our study adds considerable support to the narrative 
that the rise of modern birds and mammals followed a relatively 
slow process of gradual evolution. The KPg extinction event has 
long been thought to be the dominant factor in early bird 

evolution; our study shows that—as opposed to nonavian dino-
saurs—birds weathered the KPg crisis relatively well, but that the 
more recent PETM event had a substantial impact at least on 
those birds that depend on the ocean. In a previous study, we 
had shown that the evolution of mammals likely followed a 
trans-KPg model of diversification at a time when modern birds 
were assumed to have undergone their extensive radiation much 
later (25). Our present phylogenomic analyses indicate that the 
diversification of Neoaves is in close lockstep with that of mam-
mals, suggesting a model of constant diversification that is in 
keeping with Charles Darwin’s original interpretation of gradu-
alism, but at loggerheads with alternative theories involving 
punctuated evolution.

Materials and Methods

Taxon Sampling. We sampled 118 species of neognaths in this study, repre-
senting all 35 orders of Neognathae. In addition, we sampled six species of pale-
ognaths and one crocodilian species as outgroups (Dataset S1). We downloaded 
annotated genomes of 124 species from NCBI, Ensembl, and GiGa. In addition, 
we conducted de novo whole genome sequencing for rufous-breasted accentor 
(Prunella strophita).

Genetic Sampling.

Identification of orthologous CDS. To identify orthologous CDS sequences across 
species, we applied the cDNA sequences of the chicken as a query against the cDNA 
sequences of the remaining 124 species using the program OrthoFinder (v2.3.12) 
with an E-value cutoff of 1e−10 (51). We then filtered out those candidate orthologs 
with more than 25 missing species and/or less than 100 bp in sequence length. As 
a result, a total of 5,756 CDS were retained for further analysis.

Fig. 4. Diversity changes in modern birds, placental mammals, multituberculate mammals, marine ray-finned fishes, holometabolous insects (butterflies, 
bees, ants, etc.), and flowering plants from the Cretaceous to the present time. The panel on the Upper Right shows the correlation coefficients of diversity 
changes between angiosperms and each of the five animal groups: a) crown Aves, b) placental mammals, c) multituberculates, d) marine ray-finned fishes, and 
e) holometabolous insects. The curve of average global temperature represents a proxy for climatic changes during the Cretaceous and Cenozoic. Note that 
among the six taxonomic groups analyzed in the figure, the KPg extinction event only had a noticeable negative impact on the biodiversity of ray-finned fishes, 
but not on the other five groups. The diversity curves of placental mammals, multituberculates, ray-finned fishes, holometabolous insects, and angiosperms 
were plotted based on data extracted from Liu et al. (25), Wilson et al. (35), Guinot and Cavin (36), Nicholson et al. (37), and Condamine et al. (26), respectively. 
The curve of global temperature changes was plotted based on data extracted from Condamine et al. (26).
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Identification of orthologous introns. We extracted intron sequences of the 
5,756 genes from the genome of each sampled species according to the anno-
tation files using a custom script written in Perl. Due to considerable variation in 
the intron number and length of orthologous genes across species, we performed 
blast searches using the intronic sequences of every chicken gene as a query to 
blast against the intron sequences of the same orthologous genes from each of 
the remaining 124 species with an E-value cutoff of 1e−10 (52). For genes having 
multiple introns, we ran blast searches for each of the intronic sequences against 
those of the same orthologous genes across species and selected the one with 
maximum species coverage. We filtered out those orthologous intronic sequences 
with more than 25 missing species and/or less than 100 bp in sequence length. 
A total of 4,871 orthologous introns were retained for this study.
Identification of orthologous intergenic segments. The chicken genome was 
used as a reference to identify new noncoding intergenic markers across species 
for this study. We identified intergenic markers based on autosomes and both 
sex chromosomes (Z and W) and excluded mitochondrial DNA. We first applied 
a custom script written in R to extract noncoding intergenic sequences from the 
chicken genome based on the annotation file. Next, we cut the extracted inter-
genic sequences into segments with a length of ~1,000 bp. To identify orthologs 
of intergenic markers across species, we performed blastn searches using the 
intergenic segments obtained from the chicken against the genomes of the 
remaining 124 species with an E-value cutoff of 1e−10. We filtered out those 
orthologs of intergenic segments with more than 25 missing species and/or less 
than 100 bp in sequence length. As a result, a total of 2,384 intergenic markers 
were retained for this study.
Identification of orthologous CNEEs. We downloaded orthologous CNEEs of 
seven avian taxa deposited in Dryad (https://doi.org/10.5061/dryad.fj02s0j) 
(53), all of which were incorporated in this study, including chicken, okarito 
brown kiwi, little spotted kiwi, great spotted kiwi, greater rhea, common ostrich, 
and white-throated tinamou. To identify orthologous CNEEs across species, we 
conducted blastn searches using chicken CNEE sequences as a query against 
the genome of each of the remaining 118 species with an E-value cutoff of 
1e−10. In addition, we used the CNEE sequences from the little spotted kiwi 
and the greater rhea as a query to blast against the genomes of each of the 
remaining 118 species, respectively, in an effort to collect sufficient numbers 
of orthologous CNEE sequences from these target genomes. We also filtered 
out orthologous CNEEs with more than 25 missing species and/or less than 

100 bp in sequence length. As a result, we identified a total of 12,582 CNEEs 
for subsequent analysis. In addition, we performed a blastn search to use the 
chicken’s CNEE sequences as a query against the chicken’s intergenic segments 
with an E-value cutoff of 1e−10. We found 133 CNEE sequences related to 
intergenic segments. Because intergenic segments are a primary data source 
for this study, we excluded these 133 CNEE sequences from the CNEE data and 
retained 12,449 CNEE sequences.

Data, Materials, and Software Availability. The assembly of the Prunella 
strophita genome has been deposited in the National Genomics Data Center 
(https://db.cngb.org/) under the accession number CNP0002307 (54). The align-
ment data of CDS, CNEE, introns, and intergenic segments used in this study have 
been deposited in Figshare under accession number https://doi.org/10.6084/
m9.figshare.21499230.v1 (55). We provide additional details regarding de 
novo genome sequencing, phylogenomic analysis, molecular dating analysis, 
fossil calibration points, ancient gene flow test, diversification rate analysis, and 
correlation analysis of taxonomic diversity in SI Appendix.
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