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A Phylogenomic Study of Birds
Reveals Their Evolutionary History
Shannon J. Hackett,1* Rebecca T. Kimball,2*† Sushma Reddy,1* Rauri C. K. Bowie,1,3,4
Edward L. Braun,2 Michael J. Braun,5,6 Jena L. Chojnowski,2 W. Andrew Cox,2
Kin-Lan Han,2,5,6 John Harshman,1,7 Christopher J. Huddleston,5 Ben D. Marks,8
Kathleen J. Miglia,9 William S. Moore,9 Frederick H. Sheldon,8 David W. Steadman,10
Christopher C. Witt,8,11 Tamaki Yuri2,5

Deep avian evolutionary relationships have been difficult to resolve as a result of a putative
explosive radiation. Our study examined ~32 kilobases of aligned nuclear DNA sequences from 19
independent loci for 169 species, representing all major extant groups, and recovered a robust
phylogeny from a genome-wide signal supported by multiple analytical methods. We documented
well-supported, previously unrecognized interordinal relationships (such as a sister relationship
between passerines and parrots) and corroborated previously contentious groupings (such as
flamingos and grebes). Our conclusions challenge current classifications and alter our
understanding of trait evolution; for example, some diurnal birds evolved from nocturnal ancestors.
Our results provide a valuable resource for phylogenetic and comparative studies in birds.

Although well studied, the evolutionary
relationships among major avian groups
are contentious (1–6). Recovering deep

evolutionary relationships in birds is difficult,
probably reflecting a rapid divergence early in
their evolutionary history (1–3, 7, 8) that has
resulted in many distinctive, morphologically co-
hesive groups (e.g., owls, parrots, and doves) with
few, if any, extant intermediary forms linking
them to other well-defined groups. This extreme
radiation alsomakes it difficult to place fossil taxa,
which further contributes to the difficulty in pre-
cisely timing avian divergences (3, 9).

Only two nodes at the base of the avian tree
are consistently supported by both molecular and
morphological phylogenetic studies (2–5, 10–14).
The first divides the Paleognathae (ratites and
tinamous) and Neognathae (all other birds), and
the second splits the neognaths between the
Galloanserae (chickens, ducks, and allies) and
Neoaves (other neognaths). Although the Neoaves
represents the majority of avian diversity (95% of

extant species) and is the focus of most compar-
ative studies, little consensus exists regarding rela-
tionships within this clade (1–5, 8). The absence of
intermediate forms linking well-defined groups,
combined with the difficulty of resolving relation-
ships, led to hypotheses that the base of Neoaves
represents an unresolved evolutionary radiation
(polytomy) (7, 8). Previous efforts to reconstruct
these phylogenetic relationships have been limited
by taxon sampling, the number of loci, and/or
slowly evolving loci with limited power to re-
solve short internodes [e.g., (3, 4, 10, 12, 14)].
Moreover, conflicting results have been obtained
with morphology (13, 15), DNA-DNA hybridiza-
tion (6), whole mitochondrial genomes (16–18),
and different nuclear exon, ribosomal RNA, and
intron sequences (1, 3, 4, 10, 12, 14).

Phylogenomics is useful for resolving diffi-
cult phylogenies and for verifying or overturning
relationships created on the basis of single genes
(19–21). We collected a large DNA sequence
data set to address avian phylogenetic relation-
ships from 171 species representing all but three
nonpasserine families, all major passerine clades,
and two crocodilian outgroups (22). Our alignment
of 32 kb represents 19 nuclear loci located on 15
different chromosomes in the chicken genome (22),
with introns (74%), coding exons (23%), and un-
translated regions (UTRs) (3%). Data quality and
sequence alignments were assessed before analy-
ses (22).We analyzed the data using different optimali-
ty criteria and distinct tree-search algorithms (22).

Our sampling of many loci allowed us to as-
sess whether relationships were supported by a sig-
nal across the genome or were driven by a single
locus.We (i) analyzed individual loci, (ii) conducted
“gene-jackknifing” (excluding one locus at a time,
then analyzing the remaining data) to determine
whether conclusions were driven by a single locus,
(iii) conducted a partitioned–maximum likelihood
(ML) analysis (where each locus had a distinctive
set of parameters), and (iv) coded the data as R
(purine) or Y (pyrimidine) to avoid conclusions
driven by base-compositional biases [e.g., (16)].

Analyses of individual loci showed that no
single genewas able to recover all nodes identified
with the concatenated data (Fig. 1). The low power
of individual loci was themost pronounced in short
and slowly evolving genes, which generally did
not resolve any interordinal relationships (Fig. 1).

Consistent with previous studies, we recov-
ered genome-wide support for basal divergences
between Paleognathae and Neognathae and
between Galloanserae and Neoaves (Fig. 2) with
robust support. The topology at the base of
Neoaves, with extremely short internodes, indi-
cated a rapid radiation (Fig. 3) that likely explains
conflicts among previous studies. However, we
consistently found several, well-supported, deep
divisions within Neoaves (highlighted in different
colors in Figs. 2 to 4).

Our study (i) revealed robust higher-level
groupings within Neoaves, (ii) suggested several
previously unrecognized interordinal relation-
ships, (iii) supported previously proposed clades,
(iv) reinforced established relationships not con-
sistently recovered in previous studies, and (v)
found well-supported groupings at the tips of
major clades. The results discussed below focus
on groups that are found with multiple analytical
methods and partitions and that exhibit strong
support (ML bootstrap support ≥ 70%) (23).

The largest clade in Neoaves was a well-
supported land bird clade (green, node F, Fig. 2)
(3) that contained the Passeriformes (perching
birds, representing more than half of all avian
species), which is allied with several morpholog-
ically diverse orders. These included Piciformes
(woodpeckers and allies), Falconiformes (hawks
and falcons), Strigiformes (owls), Coraciiformes
(kingfishers, hornbills, rollers, and allies), Psitta-
ciformes (parrots), Coliiformes (mousebirds), and
Trogoniformes (trogons). One of the most un-
expected findings was the sister relationship
between Passeriformes and Psittaciformes (node
A, Fig. 2), with Falconidae (falcons) sister to this
clade. This relationship varied slightly among
analyses and gene-jackknifing (Fig. 1), yet the
close relationship between passerines with par-
rots and/or falcons appeared consistently.

Sister to the land birds is the Charadriiformes
(shorebirds, gulls, and alcids; yellow, node G,
Fig. 2). This grouping seems to be driven pri-
marily by the b-fibrinogen gene (FGB), because
it was present in analyses of only this gene and
disappeared when the gene was removed through
jackknifing (Fig. 1). Regardless of the exact
placement of the Charadriiformes in our analy-
ses, we consistently support that this order is not
basal within Neoaves (24) and thus refute the
hypothesis that transitional shorebirds gave rise
to all modern birds (7). Our phylogeny revealed a
highly supported water bird clade (blue, node H,
Fig. 2) (3, 14), including members of the
Pelecaniformes (totipalmate birds), Ciconiifor-
mes (storks and allies), Procellariiformes (tube-
nosed birds), Sphenisciformes (penguins), and
Gaviiformes (loons). Basal to the water birds
were two clades of terrestrial and arboreal taxa
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