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The phylogeny of Galliformes (landfowl) has been studied extensively; however, the associated chronolo-
gies have been criticized recently due to misplaced or misidentified fossil calibrations. As a consequence,
it is unclear whether any crown-group lineages arose in the Cretaceous and survived the Cretaceous–
Paleogene (K–Pg; 65.5 Ma) mass extinction. Using Bayesian phylogenetic inference on an alignment
spanning 14,539 bp of mitochondrial and nuclear DNA sequence data, four fossil calibrations, and a com-
bination of uncorrelated lognormally distributed relaxed-clock and strict-clock models, we inferred a
time-calibrated molecular phylogeny for 225 of the 291 extant Galliform taxa. These analyses suggest
that crown Galliformes diversified in the Cretaceous and that three-stem lineages survived the K–Pg mass
extinction. Ideally, characterizing the tempo and mode of diversification involves a taxonomically com-
plete phylogenetic hypothesis. We used simple constraint structures to incorporate 66 data-deficient
taxa and inferred the first taxon-complete phylogenetic hypothesis for the Galliformes. Diversification
analyses conducted on 10,000 timetrees sampled from the posterior distribution of candidate trees show
that the evolutionary history of the Galliformes is best explained by a rate-shift model including 1–3
clade-specific increases in diversification rate. We further show that the tempo and mode of diversifica-
tion in the Galliformes conforms to a three-pulse model, with three-stem lineages arising in the
Cretaceous and inter and intrafamilial diversification occurring after the K–Pg mass extinction, in the
Paleocene–Eocene (65.5–33.9 Ma) or in association with the Eocene–Oligocene transition (33.9 Ma).

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Fossil evidence of neornithine (modern) birds from the
Cretaceous is extremely limited, and this has hindered our under-
standing of the temporal origins of modern birds and the potential
impact of the Cretaceous–Paleogene (K–Pg) mass extinction event
(65.5 Mega annum (Ma)) on their diversification chronology (Dyke
and van Tuinen, 2004). Early phylogenetic analyses reconstructing
the evolutionary history of modern birds generated disparate
chronologies, fueling a ‘‘rocks vs. clocks’’ debate over which type
of data and methodology (strict fossil record vs. molecular
sequence data calibrated with strict molecular clocks) should be
used (Brown et al., 2007, 2008; Ericson et al., 2006, 2007).
Donoghue and Benton (2007) argued for an approach where
‘‘rocks’’ provide minimum and ‘‘clocks’’ maximum age estimates
for calibrated nodes, and two developments facilitated their sug-
gested approach. The first was the development of Bayesian
relaxed-clock methodologies (Drummond and Rambaut, 2007;
Drummond et al., 2006) that include sophisticated and flexible
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means of temporal calibration (Ho and Phillips, 2009). The second
was the discovery of two fossils that have clear affinities within
extant neornithine orders and are dated either immediately before
or immediately after the K–Pg boundary. Vegavis iaai is dated to the
Late Cretaceous (66 Ma) and has affinities within crown
Anseriformes (waterfowl; Clarke et al., 2005) and Waimanu man-
neringi is dated to the Early Paleogene (60.5 Ma) and has affinities
with stem Sphenisciformes (penguins; Slack et al., 2006). These
fossils, and the associated phylochronological reconstructions, pro-
vide evidence supporting a Cretaceous origin for modern birds (Jetz
et al., 2012; Lee et al., 2014; Jarvis et al., 2014).

A Cretaceous split within the Galloanserae, between the
Galliformes (landfowl) and the Anseriformes, is relatively uncon-
tentious because V. iaai has phylogenetic affinities within crown
Anseriformes (Clarke et al., 2005). Nevertheless, studies using
Bayesian relaxed-clock methods and V. iaai as a calibration fossil
provide disparate chronologies for the basal split in the
Galloanserae (mean time to most recent common ancestor
(tMRCA): 108 Ma, Crowe et al., 2006; 83 Ma, Haddrath and Baker,
2012; 66 Ma Jarvis et al., 2014). This is somewhat surprising
because Galloanserae is one of the most consistently and highly
supported clades in the avian phylogeny (Cracraft and Clarke,
2001; Ericson et al., 2006; Fain and Houde, 2004; Haddrath and
Baker, 2012; Pacheco et al., 2011; Slack et al., 2006). In addition,
divergence-time estimates for the Galliformes reported by Crowe
et al. (2006), Pereira and Baker (2006b), and Dyke and van Tuinen
(2004) have been criticized recently due to incorrect and (or) mis-
placed fossil calibrations that could bias overestimated divergence
times (Ksepka, 2009; Mayr, 2008), and similar criticisms could be
levied against more recent divergence chronologies for the
Galliformes (e.g. Kan et al., 2010). Disparate chronologies within
the Galliformes may be due to a combination of among-study vari-
ation in taxon sampling, fossil placement, calibration densities,
amount and type of sequence data (mitochondrial and/or nuclear),
and phylogenetic inference and dating methods. This suggests that
detailed analyses within Galloanserae still offer promise for resolv-
ing whether diversification of the crown-group Galliformes com-
menced before or after the K–Pg mass extinction.

Although V. iaai indicates a Cretaceous origin for stem
Galliformes, it remains unclear whether any lineages within crown
Galliformes arose in the Cretaceous and survived the K–Pg mass
extinction (Ksepka, 2009). Here, we use a large alignment of
mitochondrial and nuclear DNA sequence data, fossil calibration
and a combination of strict-clock and log-normally distributed
uncorrelated relaxed-clock models to simultaneously reconstruct
the phylogeny and diversification chronology of 225 of 291 (77%)
extant Galliform taxa. This extensive taxon set includes representa-
tives from each of the 5 families and from 75 of 84 (89%) recognized
genera. The phylochronological reconstructions presented here
were designed to: 1. Assess whether any lineages of crown
Galliformes arose in the Cretaceous and survived the K–Pg mass
extinction, and 2. Characterize the diversification dynamics of the
Galliformes throughout their evolutionary history. van Tuinen
et al. (2006) proposed a two-pulse model to account for the
diversification chronology of modern non-passerine bird orders,
with interordinal diversification in the Cretaceous and
intraordinal diversification post-K–Pg, either early in the
Paleogene (65.5–33.9 Ma) or in association with the Eocene–
Oligocene transition (33.9 Ma). For the Galliformes specifically,
van Tuinen et al. (2006) suggested a Cretaceous origin for the stem
lineage followed by diversification of the crown group early in the
Paleogene. Ideally, a taxonomically complete phylogenetic hypoth-
esis should be used to characterize diversification dynamics, so we
used taxonomic affinities to incorporate 66 data-deficient taxa and
subsequently reanalyzed the DNA data matrix with data- deficient
taxa included. These taxon-complete analyses generated a large
distribution of candidate phylogenies that account for uncertainty
in local topology and divergence times for data-deficient taxa. We
used 10,000 candidate phylogenies sampled from this distribution
to characterize diversification dynamics of the Galliformes and to
assess whether their diversification chronology is consistent with
the two-pulse model proposed by van Tuinen et al. (2006).
2. Materials and methods

2.1. Taxon set and taxonomic data

The Galliformes, as considered here, is composed of five families
(Megapodiidae, Cracidae, Numididae, Odontophoridae and
Phasianidae), 84 genera and 291 species (supplementary
Table 1), and we used the most recent species accounts to specify
the ingroup taxon set (del Hoyo et al., 1994; Delacour and Amadon,
2004; Jones et al., 1995). We selected four outgroup taxa from the
Anseriformes, including representatives from each of the three
families (Anatidae, Anhimidae and Anseranatidae; del Hoyo et al.,
1992). We assigned taxon names based on the most recent version
of the International Ornithologists Union’s master list of bird
names (IOC Master List version 3.3; Gill and Donsker, 2013). Due
to the dynamic nature of taxonomy, we included seven additional
ingroup taxa identified as distinct in recent molecular phylogenetic
analyses and four putative ingroup taxa with DNA sequence data in
GenBank (see supplementary materials for details and justifica-
tions). Together, these taxa comprise the taxon set and the taxo-
nomic data used to include data-deficient taxa (see Section 2.3
below, supplementary Table 1 and supplementary materials).
2.2. DNA data matrix

We assembled a DNA data matrix from pre-existing GenBank
and Barcode of Life Data (BOLD) System records (downloaded on
or before July 31, 2012; supplementary Table 2). The matrix is
composed of a novel set of 6 protein-coding (CO1, Cyt b, ND1,
ND2, ND4 and ND5; 7827 bp; supplementary Tables 2 and 3) and
3 nonprotein-coding (control region, 12S and 16S rDNA; 2642 bp)
mitochondrial loci together with 1 protein-coding (C-MOS;
587 bp) and 4 nonprotein-coding (AGRP-i1&2, B-FIB-i7, OVO-i7,
RDP-i1; 3483 bp) nuclear loci. The matrix includes 225 of 291
(77%, including 75 of 84 recognized genera) ingroup taxa and 4
outgroup taxa. The matrix comprises 14,539 base pairs (bp) at its
maximum extent; however, the alignment is sparse and taxonomic
coverage is �40% across loci (mitochondrial loci: 21–92%; nuclear
loci 15–37%; supplementary Table 2). We did not adopt a ‘total evi-
dence’ approach; instead we selected markers, particularly nuclear
markers, with broad and complimentary taxonomic coverage (sup-
plementary Table 2).

We aligned the sequence data from each locus with SATé-II (Liu
et al., 2012) and removed start and stop codons from
protein-coding sequences. Nonprotein-coding sequences are sub-
ject to high frequencies of insertions and deletions (in-dels), mak-
ing some regions difficult to align confidently. Portions of the
mitochondrial control region are prone to indels, so we excluded
these previously identified hyper-variable domains (Crowe et al.,
2006; Lucchini and Randi, 1999; Pereira et al., 2004). Consistent
with this approach, we also excluded in-del rich regions from
nonprotein-coding sequences. In these instances we aligned, edi-
ted and realigned the sequences in SATé-II until the alignment sta-
bilized. We chose to partition the mitochondrial loci for two
reasons: 1. some of the mitochondrial loci are protein-coding and
some are nonprotein coding and 2. Shen et al. (2010) reported
substantial variation among loci-specific Bremer support values
for sub-partitions of the mitochondrion relative to a
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mitochondrial-genome based phylogeny they inferred for the
Phasianidae. We inferred the best-fit model of molecular evolution
for each locus using MRMODELTEST2.0 (Nylander, 2004), PAUP⁄4.0
(Swofford, 2003) and AIC model selection criteria. Then we inferred
individual gene trees in RAxML (Stamatakis, 2006), inspected the
resulting topologies for consistency and conducted concatenated
analyses in RAxML to assess topological support across the parti-
tioned alignment.

Ideally, calibration fossils should have been included in a formal
phylogenetic analysis or they should exhibit a diagnostic apomor-
phy (Parham et al., 2012); however, relatively few fossils attributa-
ble to Galloanserae meet these criteria (Ksepka, 2009). A notable
exception is V. iaai, which has demonstrated phylogenetic affinities
with stem Anatidae (Clarke et al., 2005). We therefore selected out-
group taxa to facilitate using V. iaai as a calibration fossil (Table 1).
Due to the importance of calibrating the root node, we also fol-
lowed Ksepka’s (2009) recommendation to use V. iaai to calibrate
the basal split within Galloanserae, between the Anseriformes
and the Galliformes. A second notable exception is Palaeortyx,
which exhibits a well-developed intermetacarpal process on the
carpometacarpus (wing bone); this apomorphy is diagnostic of
the clade uniting the Odontophoridae and the Phasianidae (Mayr,
2009). So, we used Palaeortyx gallica (Mayr et al., 2006), which is
represented by a nearly complete articulated skeleton, to calibrate
the node uniting the Numididae, the Odontophoridae and the
Phasianidae. Finally, we selected two calibration fossils,
Boreortalis laesslei (Brodkorb, 1954) and Rhegminornis calobates
(Olson and Farrand, 1974), based on expert opinion. B. laesslei
has historical affinities with Ortalis (Brodkorb, 1954; Cracraft,
1971), and we used it to calibrate crown Cracidae. R. calobates
has historical affinities with Meleagridinae (Olson and Farrand,
1974) or with either Meleagridinae or Tetraoninae (Steadman,
1980), and we used it to calibrate the node uniting
Meleagridinae and Tetraoninae. Until recently, B. laesslei was rep-
resented only by a partial tibiotarsus and partial humeri (leg
bones) and R. calobates was represented only by a carpometacar-
pus. Recently, nearly complete skeletons have been assembled
for both B. laesslei and R. calobates (Steadman, 2014, pers. com.).
While B. laesslei and R. calobates do not formally meet the selection
criteria of Parham et al. (2012), their historic affinities appear to be
sound (Steadman 2014, pers. com.).

Following Ho and Phillips (2009), we used the minimum age of
each fossil to set the hard minimum bound of a lognormal calibra-
tion density (Table 1), which is additionally characterized by a
Table 1
Details of calibration fossils, calibrated nodes and calibration densities used in Bayesian p

Fossil attributes and calibration
parameters

Vegavis iaai Pa

Museum reference number MLP 93-I-3-1b PW

Validation Phylogenetic analysisb A
Reconciliation morphology and molecular

data
NA N

Locality Vegaland, Antarcticab En
Stratigraphy and Age Maastrichtian, Late Cretaceouse La
Calibrated node Galloanserae

crownb
Anseriformes
crownd

N
sp

Fig. 1 node label A B E
Bootstrap support NA 100 10
Hard minimum (Ma) 66.0 66.0 24
Soft maximum (Ma) 110.0 91.0 49
Mean lognormal density 3.09 2.52 2.
Standard deviation lognormal density 0.42 0.42 0.

Sources. a Brodkorb (1954), b Clarke et al. (2005), c Cracraft (1971), d Ksepka (2009), e Ma
and Farrand (1974), j Steadman (1980), k Steadman (2014) pers. com, l White (1942).
mean and standard deviation. For internal calibrations, we selected
a mean that bounded 95% of the probability density within the
25-Ma interval preceding the fossil’s minimum age and a standard
deviation that split the probability density evenly across the mid-
point of this interval (Table 1). We chose a 25-Ma interval because
the basal node of Galliformes has been inferred to be �100 Ma
(Brown et al., 2008) and we used four fossils that are distributed
temporally across the phylogeny. For the basal split within the
Galloanserae, we selected a mean that bounded 95% of the proba-
bility density within a 44-Ma interval and a standard deviation
that split the probability density evenly across the midpoint of this
interval (Table 1). Here, we chose a 44 Ma interval because this
corresponds to the difference between a recent estimate for the
split (110 Ma) between the Anseriformes and the Galliformes
(Brown et al., 2008) and the age of V. iaai (66 Ma; Clarke et al.,
2005). The intervals bounding 95% of the probability density are
wide, and thus should impose relatively weak age priors on cali-
brated nodes.

We used BEAST v1.6.1 (Drummond et al., 2006) to reconstruct
the phylochronolgy of the Galliformes, and we used BEAUti
v1.6.1 (Drummond and Rambaut, 2007) to generate BEAST input
files. Here, we assigned substitution models, clock models, prior
on node heights, topological constraints, calibration priors and
MCMC specifications (Supplementary Table 1; Table 3.1). We used
codon-position models (Shapiro et al., 2006) for protein-coding
sequences. Codon-position models unlink the mutation rates of
slower-evolving first and second codon positions from those of
faster-evolving third positions, and this should help to partition
the signal from protein-coding genes across the depth of the phy-
logeny. We tested rate constancy (molecular clock) with PAUP⁄4.0,
and likelihood-ratio tests rejected a strict clock for all loci except
the nuclear exon, C-MOS (df = 35, p = 0.30; all other loci: df = 43–
209, p 6 0.0004). So, we specified a strict-clock model for C-MOS
and uncorrelated lognormally distributed relaxed-clock models
for all other loci. Although the mitochondrial data is highly parti-
tioned (9 loci and 9 partitions), the mitochondrion is inherited as
a unit. So, we grouped all of the mitochondrial loci under a single
relaxed-clock model; this reduces the number of clock-rates that
need to be estimated. To facilitate temporal calibration, we set a
birth–death prior on node heights and calibration priors based on
our four dated fossils. In this same vein, we specified five topolog-
ical constraints, four associated with fossil calibrations and one to
enforce ingroup monophyly. Constrained nodes had high bootstrap
support (P99%) in concatenated RAxML analysis (Table 1).
hylochronological reconstructions for the Galliformes.

laeortyx gallica Boreortalis laesslei Rhegminornis calobates

2005/50 23a-LSg PB743a PB2061c

MCZ7068c
MCZ233Ii

pomorphyf Expert opinionk Expert opinionk

A NA NA

spel, Germanyg Gilchrist Co., Floridaa Gilchrist Co., Floridai

te Oligoceneh Early Miocenel Early Miocenel

umididae-stem
litf

Cracidae crownj Meleagridinae and Tetraoninae
crownj

H R
0 100 99
.7 16.0 16.0
.7 41.0 41.0

52 2.52 2.52
42 0.42 0.42

renssi et al. (2001), f Mayr (2009), g Mayr et al. (2006), h Mertz et al. (2007), i Olson
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To ensure that initial conditions did not bias results in our pre-
liminary BEAST analyses, we conducted four 40-million step
MCMC searches on three different starting trees, and each search
was initiated with a different seed. We sampled the MCMC chain
every 10,000 steps, discarded the first 15 million steps as burnin
and combined the post-burnin sample of parameter estimates
from each starting tree. This resulted in a sample of 10,000 trees
and parameter estimates for each starting tree. We generated max-
imum clade credibility (MCC) trees using TREEANNOTATOR v1.6.1
and assessed convergence, mixing and effective sample size (ESS)
using TRACER v1.6.0 (Rambaut and Drummond, 2012). Despite
extensive MCMC searches, these preliminary analyses did not con-
verge. The MCC trees and TRACER analyses suggested two potential
problems. First, topological support was unexpectedly low within
the Cracidae and the Phasianidae. Taxa with little sequence data
contribute negligibly to the tree likelihood and, as a consequence,
their affinities can be unstable. Inspection of the DNA data matrix
revealed three taxa within the Cracidae (Ortalis cinereiceps,
Penelope albipennis and Penelope marail) and five taxa within the
Phasianidae (Caloperdix oculeus, Galloperdix lunulata, Meleagris ocel-
lata, Rhizothera longirostris and Tragopan melanocephalus) with very
limited sequence data (184–822 bp). We conducted additional
RAxML analyses to assess the stability of these eight taxa, both
individually and in combination with one another. These RAxML
analyses identified six taxa (O. cinereiceps, P. albipennis and P.
marail, T. melanocephalus, G. lunulata, R. longirostris) with unstable
affinities. G. lunulata and R. longirostris are the only representative
of their genus in the DNA data matrix; so, we developed simple
constraint structures to facilitate their inclusion (see supplemen-
tary materials for details and justifications). The four remaining
taxa with unstable affinities were treated as data-deficient and
included in the taxon-complete analyses (see Section 2.3).
Second, ESS values for three key parameters, posterior, tree likeli-
hood and root height, were below the minimum ESS (100) indica-
tive of sufficient posterior sampling and convergence. JWB
diagnosed that this convergence problem was likely related to esti-
mating several clock-rate parameters from a sparse DNA data
matrix; this is a problem that is exacerbated by the MCMC algo-
rithm’s single parameter per-step updating.

Therefore, in addition to the specifications described above for
the preliminary BEAST analyses, we extended the MCMC searches
and modified the xml input files to resolve these problems. First,
we excluded the four data-deficient taxa with unstable affinities.
Second, we specified constraints to include G. lunulata and R. lon-
girostris. Third, we introduced a compound parameter to facilitate
simultaneous updating of clock rates. We then performed one
120-million step MCMC search for each starting tree and sampled
the MCMC chain every 10,000 steps. We discarded the first
20-million steps as burnin, generated MCC trees in
TREEANNOTATOR v1.6.1 and inspected parameter estimates in
TRACER v1.6.0 to assess convergence, mixing and ESS values. The
three analyses converged on similar topologies, chronologies and
parameter estimates, and ESS values for three critical parameters,
posterior (341–487), tree likelihood (943–1167) and root height
(124–252), indicated adequate posterior sampling and that the indi-
vidual analyses had converged. So, we combined 9999 post-burnin
samples from each starting tree, which yielded a combined sample
of 29,997 trees and associated parameter estimates. We uniformly
thinned this combined sample back to 9999 trees and parameter
estimates and generated a MCC tree in TREEANNOTATOR v1.6.1.

In a Bayesian analysis involving temporal calibration, it is criti-
cal to assess the contribution of the sequence data to the inferred
chronology (Heled and Drummond, 2012); this can be done by
comparing posterior estimates with expectations under the tree
prior. The calibrated tree prior can be generated by simulating
the tree prior on a fully constrained topology (Heled and
Drummond, 2012), and this calibrated tree prior provides a critical
benchmark for assessing the contribution of the sequence data to
posterior node age estimates (Heled and Drummond, 2012). We
generated the calibrated tree prior by simulating the tree prior
on the MCC trees resulting from the final BEAST analyses of the
DNA data matrix. To do this, we ran one 50 million-step MCMC
search on each of the three MCC trees with topology fully con-
strained. We discarded the first 10 million steps as burnin and
combined the remaining parameter estimates for summarization.
2.3. Taxon-complete analyses

Our taxon-complete analyses assign branch lengths to
data-deficient taxa by exploiting the parameters of the birth–death
model of node heights estimated from the sequence data. We used
a two-step approach to accomplish this. First, we assigned the
same substitution models, clock models, prior on node heights,
topological constraints and calibration priors used in analyses of
the DNA data matrix. Second, we generated simple taxonomic con-
straints to include 66 data-deficient taxa (four taxa with limited
sequence data and unstable molecular affinities and 62 taxa with
no sequence data (see supplementary methods for details and jus-
tifications)). To ensure a diverse sample of trees, we initiated sep-
arate MCMC searches with an incompletely resolved starting tree,
which was resolved randomly in step 0 of the search. In total, we
initiated 20,130-million step MCMC searches, specified a different
initiation seed for each search, sampled the Markov chain every
100,000 steps, instead of every 10,000 steps, and discarded the first
30 million steps as burnin. Two of the starting trees were identical,
so we excluded the results of one search. We combined 526
post-burnin samples from 13 searches and 527 post-burnin sam-
ples from 6 searches to generate a combined sample of 10,000 can-
didate trees and parameter estimates. We inspected this combined
sample of parameter estimates in TRACER v1.6.0 to assess conver-
gence, mixing and ESS values.

The BEAST input files used in these analyses and the phyloge-
netic hypothesis generated from the DNA data matrix have been
submitted to Dryad (doi: 10.5061/dryad.p2pn8).
2.4. Diversification analyses

We conducted diversification analyses on the combined sample
of 10,000 taxon-complete trees. More specifically, we compared
the single-rate diversification models implemented in the R pack-
age LASER (Rabosky, 2006) with the rate-shift model implemented
in MEDUSA (Alfaro et al., 2009; Brown et al., 2012; see Jetz et al.,
2012 for a similar approach). LASER implements seven
single-rate diversification models: pure birth, birth death, density
dependent logistic, density dependent exponential, speciation vari-
able (exponential speciation with constant extinction), extinction
variable (constant speciation with exponential extinction), and
speciation and extinction variable (exponential speciation and
extinction). The rate-shift model implemented in MEDUSA allows
pure-birth and birth–death to be modeled simultaneously on dif-
ferent parts of a single tree. LASER and MEDUSA use different like-
lihood equations, LASER reports AIC while MEDUSA reports AICc,
and the AICc reported by MEDUSA is further penalized for the
rate-shift parameter, even though it does not affect the likelihood
(Alfaro et al., 2009). As a consequence, results from LASER and
MEDUSA models cannot be compared directly. To facilitate com-
parison (following Jetz et al., 2012), we verified that the
logLikelihoods from single rate pure-birth and birth–death models
from LASER and MEDUSA differed consistently by a constant
(1358.02) across a sample of 10 trees. Correcting for this difference
and for the number of parameters estimated in each model

http://dx.doi.org/10.5061/dryad.p2pn8
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facilitated calculation of comparable AIC values for LASER and
MEDUSA models.
3. Results

The phylochronological reconstructions based on the DNA data
matrix for 225 ingroup and four outgroup taxa required the esti-
mation of 143 parameters, which was accomplished through
extensive MCMC sampling and three-replicate analyses. After com-
bining the post-burnin samples of the three-replicate analyses, ESS
values for three critical parameters, posterior (1171), tree likeli-
hood (3199) and root height (560), indicated sufficient posterior
sampling for parameter estimation. All of the remaining 140
parameters had ESS P236, but most were >1000, indicating that
the analyses had converged.

Before assessing whether any lineages of crown Galliformes
arose in the Cretaceous, we first confirmed that the inferred
chronology did not simply reflect expectation under the priors.
To do this, we compared the posterior-mean time to most recent
common ancestor (tMRCA) and the associated 95% credibility
interval (CI, which is the same as 95% highest probability density)
for the 5-calibrated nodes with those simulated under the cali-
brated tree prior (Table 2). Three posterior-mean tMRCA and three
95% CIs for calibrated nodes differed markedly from those simu-
lated under the calibrated tree prior. Posterior-mean tMRCA for
Galloanserae-crown and Numididae-stem splits (Fig. 1, nodes ‘‘A’’
and ‘‘E’’, respectively) were 12.6 Ma (14.8%) and 9.6 Ma (20.3%)
older than those simulated under the calibrated tree prior
(Table 2). Conversely, posterior-mean tMRCA for crown Cracidae
(Fig. 1, node ‘‘H’’) was 12.4 Ma (36.7%) younger than simulated
under the calibrated tree prior (Table 2). The 95% CI for
posterior-mean tMRCA for the Numididae-stem split, Cracidae
crown, and Meleagridinae and Tetraoninae crown (Fig. 1, node R)
were 10.8 Ma (41.7%), 18.7 Ma (77.9%) and 4.7 Ma (38.5%) nar-
rower, respectively, than those simulated under the calibrated tree
prior (Table 2). Although the DNA data matrix is quite sparse, these
Table 2
Comparison of posterior mean time to most recent common ancestor (tMRCA) and
the associated 95% credibility interval (CI) for the five-calibrated nodes in our
Bayesian phylochronology of the Galliformes. The comparison is between results
derived from analysis of the DNA data matrix (225 ingroup and 4 outgroup taxa) and
simulation of the calibrated-tree prior on the fully constrained maximum clade
credibility tree generated from analysis of the DNA data matrix.

Parameter Clade Fig. 1 node
label

Posteriora

(Ma)
Calibrated-tree
priorb (Ma)

tMRCA Galloanserae A 97.8 85.2
Anseriformes crown B 76.4 76.5
Numididae-stem
split

E 56.8 47.2

Cracidae crown H 21.4 33.8
Meleagridinae &
Tetraoninae

R 26.7 25.8

95% CI Galloanserae A 23.7 23.4
Anseriformes crown B 13.3 13.7
Numididae-stem
split

E 15.1 25.9

Cracidae crown H 5.3 24.0
Meleagridinae &
Tetraoninae

R 7.5 12.2

a Posterior is the tMRCA or 95% CI derived from the molecular data, fossil-
calibration densities and birth–death prior on node heights.

b Calibrated-tree prior is the simulated calibration densities and birth–death
prior on node heights on the topologically constrained maximum clade credibility
tree resulting from analysis of the DNA data matrix.

ig. 1. Phylochronogy of 225 ingroup taxa from the Galliformes and 4 outgroup
xa from the Anseriformes derived from a concatenated analysis of a 14,539 bp

lignment of mitochondrial and nuclear DNA sequence data. Calibrated nodes are
dicated by an asterisk (⁄). Node bars represent the 95% credibility intervals for
ean node age. The Cretaceous–Paleogene (65.5 Mega annums) and the Eocene–
ligocene (33.9 Mega annums) boundaries correspond to mass extinction events.
Pl.’’ is an abbreviation for Pliocene and ‘‘Q.’’ is an abbreviation for Quaternary.
odes corresponding to recognized taxonomic levels are indicated by a capital
tter: Super-ordinal (A: Gallonanserae), ordinal (B: Anseriformes, C: Galliformes),
milial (G: Megapodiidae, H: Cracidae, I: Numididae, J: Odontophoridae, K:

hasianidae) and subfamilial (L: Arborophilinae, M: Coturnicinae, N: Pavoninae,
: Meleagridinae, P: Tetraoninae, Q: Phasianinae) stem splits. Capital letters along
e backbone of the phylogeny correspond to family-level stem splits as follows:
egapodiidae-stem split (C), Cracidae-stem split (D), Numididae-stem split (E), and
dontophoridae- and Phasianidae-stem split (F).
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Table 3
AIC values for eight diversification models competed on 10,000 taxon-complete
phylochronologies of the Galliformes. Likelihood values were standardized across
analytical methodologies (MEDUSA and LASER) using the likelihood of the homoge-
neous birth–death model at its MEDUSA-based maximum likelihood parameter
estimates.

Model Model type lnLK ± sem AIC ± sem DAIC ± sem

MEDUSAa Clade shift 404.2 ± 0.2 1917.1 ± 0.4 00.0 ± 0.0
Speciation variableb Temporal

variation
398.4 ± 0.2 1925.1 ± 0.4 12.7 ± 0.2

Density dependent
exponential

Temporal
variation

394.7 ± 0.2 1930.5 ± 0.4 13.4 ± 0.0

Speciation and
extinction variable

Temporal
variation

396.4 ± 0.2 1931.2 ± 0.4 14.1 ± 0.0

Birth death Constant-rate 392.5 ± 0.2 1935.1 ± 0.4 18.0 ± 0.0
Extinction variable Temporal

variation
392.4 ± 0.2 1937.2 ± 0.4 20.1 ± 0.0

Pure birth Constant-rate 387.3 ± 0.2 1943.4 ± 0.4 26.3 ± 0.1
Density dependent

logistic
Temporal
variation

387.3 ± 0.2 1945.4 ± 0.4 28.3 ± 0.1

Abbreviations: lnLK is loglikelihood, AIC is Akaike information criterion and DAIC is
change in Akaike information criterion.

a With 1–3 increases in diversification rate per tree.
b The speciation-variable model ran on 9076 of the 10,000 trees, and its DAIC

value is based only on those 9076 trees.
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comparisons show that the posterior rates of molecular evolution
estimated from this matrix were influential in establishing the
chronology presented here (Fig. 1).

Overall, the topology derived from the combined results of
three replicate analyses of the DNA data matrix is well supported
(Fig. 1). The divergence events forming the backbone of the phy-
logeny and leading to the 5 extant families, as well as the basal
nodes of the five families, have either 1.0 posterior support
(Supplementary Table 4), or, if constrained, 100% bootstrap sup-
port in concatenated RAxML analyses (Table 1). As a consequence,
there is no topological uncertainty complicating our assessment of
whether any extant Galliform lineages arose in the Cretaceous and
survived the K–Pg mass extinction event (65.5 Ma). Five nodes are
critical for making this assessment: the basal split in the Order,
the Cracidae-stem split, the Numididae-stem split, crown
Megapodiidae and crown Cracidae (Fig. 1, nodes ‘‘C’’, ‘‘D’’, ‘‘E’’,
‘‘G’’, and ‘‘H’’, respectively; Supplementary Table 4). The basal split
in the Galliformes pre-dates the K–Pg boundary by >18 Ma (95% CI:
83.8–108.3 Ma; Fig. 1, node ‘‘C’’). The Cracidae-stem split pre-dates
the K–Pg boundary by >10 Ma (95% CI: 75.7–98.7 Ma; Fig. 1, node
‘‘D’’). The Numididae-stem split post-dates the K–Pg boundary
by P1.0 Ma (95% CI: 49.4–64.5 Ma; Fig. 1, node ‘‘E’’). The
Megapodiidae crown split post-dates the K–Pg boundary by
P30 Ma (95% CI: 24.2–35.4 Ma; Fig. 1, node ‘‘G’’). The Cracidae
crown split post-dates the K–Pg boundary by >41 Ma (95% CI:
18.8–24.1 Ma; Fig. 1, node ‘‘H’’). Our analyses strongly suggest that
crown Galliformes diversified in the Cretaceous, that 3 extant lin-
eages survived the K–Pg mass extinction and that all five of the
family-level crown groups diversified after the K–Pg mass
extinction.

ESS values for three critical parameters, posterior (2369), tree
likelihood (6158) and root height (1611), estimated from the results
of the taxon-complete analyses indicate sufficient posterior sam-
pling for parameter estimation. All of the remaining 140 parameters
had ESS P917, but most of these were >3000, indicating that the
analyses had converged. Posterior-mean tMRCA from the taxon-
complete analyses was 0.56 ± 0.13 Ma older, on average, than those
from the DNA data matrix (Supplementary Table 5); including
the 66 data-deficient taxa had little effect on the inferred
chronology, as expected. Diversification analyses show that lineage
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Fig. 2. Lineages through time plot for 10,000 taxon-complete candidate phy-
lochronologies encompassing the entire evolutionary history of the Galliformes.
Gray lines depict individual trees, and the black line represents the mean of these
waiting times.
accumulation leading to extant taxa stalled for �30 Ma (86.4–
56.8 Ma), resumed soon after the K–Pg mass extinction event and
proceeded at a seemingly constant rate for �40 Ma (Fig. 2). In an
attempt to explain the whole-tree patterns of diversification, we
used AIC model selection criteria to compete a set of 8 diversifica-
tion models. All 7 of the single-rate diversification models imple-
mented in LASER ran on all 10,000 trees except for the
speciation-variable model, which failed to run on 924 trees.
Among the 7 single-rate diversification models implemented in
LASER, the speciation-variable model had the lowest AIC score on
9044 of the 9076 trees (99.6%) on which it ran (Table 3). The
speciation-variable model is nested within the speciation-variable
and extinction-variable model, and a likelihood ratio test
performed on the results of the 9076 trees where the
speciation-variable model ran shows that the simpler
speciation-variable model was strongly preferred (mean ± standard
error; difference in logLikelihood = 0.003 ± 0.001; p = 0.99 ± 0.00).
The density dependent exponential and the speciation-variable
models provided equally good fits to the data (mean ± standard
error; DAIC = 1.28 ± 0.50). However, and importantly, MEDUSA’s
clade-specific rate-shift model out-performed LASER’s
speciation-variable model on 9999 of the 10,000 taxon-complete
trees (Table 3; DAIC = 12.7 ± 0.2). MEDUSA analyses revealed sub-
stantial variation in mean diversification rate across the 10,000
trees and favored a combination of pure-birth and birth–death
models for all trees (Fig. 3). Of the 10,000 trees analyzed, 64% exhib-
ited one, 35% exhibited two and 1% exhibited three clade-specific
increases in diversification rate.
4. Discussion

Although the Galliformes phylogeny has been relatively well
studied, the timeline of evolution has been questioned recently
and this has hindered characterization of diversification dynamics.
As a consequence, the present investigation had two goals: 1. To
test whether crown Galliformes originated in the Cretaceous; and
2. To characterize the full diversification dynamics of Galliformes.
Achieving these goals was complicated by a combination of fac-
tors: the expected age (100 Ma) of the root node, a sparse DNA data
matrix dominated by mitochondrial data, and the inclusion of 66
data-deficient taxa. Indeed, we encountered convergence problems
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Fig. 3. Mean lineage-specific diversification rate and diversification-rate shifts inferred by MEDUSA on 10,000 taxon-complete candidate phylochronologies encompassing
the entire evolutionary history of the Galliformes and mapped onto the taxon-complete maximum clade credibility tree.
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in our preliminary BEAST analyses (see supplementary materials
for an overview of the issues); however, after a careful and
methodical diagnosis, we were able to remedy the causes of the
problems prior to conducting our final analyses of the DNA data
matrix and the taxon-complete analyses (see Sections 2.2 and
2.3, above). Based on a time-calibrated molecular phylogeny of
225 of 291 extant taxa, we show that crown Galliformes diversified
in the Cretaceous (Fig. 1, node ‘‘C’’, 95% CI: 83.6–108.3 Ma), well
before the K–Pg mass extinction (65.5 Ma), and that three extant
lineages crossed the K–Pg mass extinction boundary
(Supplementary Table 4). Diversification analyses conducted on
10,000 taxon-complete phylogenies demonstrate that lineage
accumulation in the Galliformes was attenuated strongly coinci-
dent with the K–Pg mass extinction event (Fig. 2) and that the
whole-tree pattern of lineage accumulation in the Galliformes
was best explained by a rate-shift model including 1–3
clade-specific increases in diversification rate (Fig. 3). Our results
suggest that the tempo and mode of diversification in the
Galliformes conforms to a three-pulse, rather than a two-pulse,
model governed by clade-specific rather than tree-wide variation.
Such a ‘‘starburst’’ model of clade-specific diversification is remi-
niscent of recent patterns reported for birds as a whole (Jetz
et al., 2012).
4.1. A molecular genetic timescale for the Galliformes

The most recent ‘‘large-scale’’ molecular phylogenetic hypothe-
ses for the Galliformes have included only 30% (Wang et al., 2013)
to 55% (Crowe et al., 2006) of extant taxa. These recent, large-scale
molecular phylogenies of the Gallifomres recovered identical
family-level affinities with high bootstrap support despite using
non-overlapping sets of nuclear and only partially overlapping sets
of mitochondrial loci (Crowe et al., 2006; Wang et al., 2013). The
emerging consensus is Megapodiidae is sister to the four other
families; Cracidae is sister to the clade uniting Numididae,
Odontophoridae and Phasianidae; and Numididae is sister to
Odontophoridae and Phasianidae. The time-calibrated molecular
phylogeny of the Galliformes reported here (Fig. 1) is based on
the most comprehensive taxon (225 of 291 species) and character
(4070 bp nuclear and 10,469 bp mitochondrial DNA) sampling to
date. Consistent with other recent large-scale molecular studies
(Crowe et al., 2006; Wang et al., 2013), we recover identical
family-level affinities with high posterior support. Due to a pre-
ponderance of short internodes, portions of the Galliformes phy-
logeny have proved difficult to resolve (Wang et al., 2013). Our
DNA data matrix includes a novel set of nuclear exons and introns
and an extensive set of mitochondrial protein-coding and non
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protein-coding sequences selected to facilitate resolution across
the depth of the phylogeny. Moreover, our analyses account for
molecular rate variation among lineages, among loci and, for
protein-coding loci, among codon positions. Consequently, our
inferred phylogeny provides substantial additional resolution to
the Galliformes phylogeny (Fig. 1, >80% of nodes have posterior
support >0.95), and all of the short internodes forming the back-
bone of the phylogeny have posterior support P0.98.

While an emerging consensus for the Galliformes phylogeny is
gratifying, the timeline of their evolutionary history is more con-
tentious (Ksepka, 2009). It is important, therefore, to compare
the chronology derived from the posterior to the chronology sim-
ulated under the priors (Heled and Drummond, 2012). Our com-
parisons (Table 2) demonstrate marked deviations between
posterior mean tMRCA and the 95% CIs inferred from the DNA data
relative to expectation under the priors. Taken together, these
results indicate that the inferred molecular rates were influential
in setting the timeline of evolution reported here for the
Galliformes.

Recent time-calibrated phylogenetic hypotheses for the
Galliformes have consistently recovered a Cretaceous origin for
crown Galliformes (Pereira and Baker, 2006a; Pereira and Baker,
2006b; Crowe et al., 2006); however, the results of these studies
have been criticized due to the misidentification or misplacement
of fossil calibrations, which could systematically bias older node
age estimates (Ksepka, 2009). In the present study, we used V. iaai
to calibrate crown Anserifomes, as originally suggested by Clarke
et al. (2005). Following the recommendation of Ksepka (2009),
we also used V. iaai to calibrate the divergence between the
Anseriformes and the Galliformes (Galloanserae). Based on a apo-
morphy diagnostic of the clade uniting Odontophoridae and
Phasianidae, we used P. gallica (Mayr et al., 2006) to calibrate the
node uniting the Numididae, Odontophoridae and Phasianidae
(Mayr, 2009). Although the phylogenetic affinities of the two addi-
tional fossils, R. calobates (Olson and Farrand, 1974), and B. laesslei
(Brodkorb, 1954), that we selected based on expert opinion are less
certain, there is no indication that their inclusion systematically
biased older node age estimates (cf. Ksepka, 2009). Even in the
most extreme case, where B. laesslei was used to calibrate crown
Cracidae and the posterior mean tMRCA (21.4 Ma) was 37%
younger and its 95% CI (18.8–24.1 Ma) was 78% narrower than
expected under the priors, the 95% CI is symmetric around the pos-
terior mean tMRCA. A symmetric, rather than a skewed, 95% CI
suggests that the calibration density associated with B. laesslei
did not systematically bias overestimation of posterior mean
tMRCA in this case.

In a recent, large-scale study examining the diversification
chronology of modern birds, Brown et al. (2008) inferred a
time-calibrated molecular phylogeny for 27 orders, 100 families
and 135 species, and limited their calibrations to fossils subjected
to rigorous cladistic analyses. Sampling within the Galliformes
was limited, but Brown et al. (2008) inferred that crown
Galliformes diversified in the Cretaceous, 85–117 Ma ago, and that
a second diversification event (76–110 Ma) occurred prior to the K–
Pg boundary. We also inferred a Cretaceous origin for crown
Galliformes (84–108 Ma ago) and a second diversification event
(76–99 Ma) within crown Galliformes prior to the K–Pg boundary.
Although the number of comparisons is limited, the mean
tMRCAs inferred in the present study for stem Galliformes and for
its family stem groups (Fig. 1, nodes ‘‘A’’, ‘‘C’’, ‘‘D’’, ‘‘E’’, and ‘‘F’’)
are consistently younger (5–10 Ma) than those inferred by Brown
et al. (2008); however, the 95% CIs are relatively wide (15–30 Ma)
and overlap broadly. The present study corroborates the
findings of Brown et al. (2008) and provides further evidence sup-
porting a Cretaceous origin for crown Galliformes (Fig. 1 and
Supplementary Table 4).
4.2. Diversification dynamics within the Galliformes

Diversification analyses ideally involve a taxonomically com-
plete phylogenetic hypothesis. So, we used simple taxonomic con-
straint structures to incorporate 66 data-deficient taxa in a second
series of phylogenetic analyses, and these analyses produced the
first taxonomically complete phylogenetic hypothesis for the
Galliformes. Including these 66 data-deficient taxa had a negligible
impact on the inferred chronology (Supplementary Table 3).
Diversification analyses conducted on 10,000 taxon-complete phy-
logenies demonstrate that the whole-tree pattern of lineage accu-
mulation in the Galliformes was best explained by a model
including 1–3 clade-specific increases in diversification rate
(Fig. 3). A more thorough analysis is limited by the number of
major clades represented in the present study and by the observa-
tion that families and geographic distribution are largely con-
founded. Below we highlight the potential importance of
prehistoric human-induced extinction, colonization/dispersal, and
sexual selection as factors that may account for our inferred
clade-specific increases in diversification rate within the
Galliformes.

Lineage accumulation in the Galliformes was attenuated
strongly in association with the K–Pg mass extinction event
(Fig. 2); as a consequence, the low and homogeneous diversifica-
tion rates (�0.03 lineages �Ma�1; Fig. 3) inferred for the
three-stem lineages that arose in the Cretaceous and that crossed
the K–Pg boundary are not surprising. However, we inferred a sim-
ilarly low diversification rate (�0.03 lineages �Ma�1; Fig. 3) for
crown Megapodiidae (7 genera and 22 species), which diversified
24.3–35.5 Ma ago in the Oligocene (Fig. 1). The megapodes are con-
fined to Indo-Australia, primarily to oceanic islands east of
Wallace’s line (Jones et al., 1995). Megapodes are relatively large
(500–3000 g) ground-nesting birds with large, yolk-rich eggs and
unique nesting behaviors (Jones et al., 1995), which would have
made them an appealing and relatively easy food source for
pre-historic people that colonized Oceania during the late
Quaternary (Holocene/Anthropocene; 11,700 calendar yr before
present; Steadman, 1999). The fossil record of megapodes from
the late Quaternay is relatively sparse within their current geo-
graphic distribution; however, at least 7 extinctions have been
documented during this period (Steadman, 1999). This led
Steadman (1999) to suggest that >50% of megapode taxa may have
gone extinct in association with pre-historic human colonization of
Oceania. Given that extinction rates are notoriously difficult to
estimate accurately from molecular phylogenies (Rabosky, 2010),
we suggest that prehistoric anthropogenic-induced extinction
may account, in part, for the low diversification rate inferred here
for crown Megapodiidae.

MEDUSA analyses indicate that crown Cracidae (11 genera and
50 species) exhibited a burst of diversification during the Miocene
and Pliocene, �23.0–2.5 Ma (Fig. 3). We inferred that crown
Cracidae diversified 19.8–24.1 Ma ago in the late Oligocene – early
Miocene (Fig. 1), which is appreciably more recent than previous
estimates based on either limited mitochondrial (35–50 Ma ago;
Pereira and Baker, 2006b) or more extensive mitochondrial and
nuclear DNA sequence data (27–41 Ma ago; Pereira et al., 2002).
Although the geographic distribution of crown Cracidae includes
southern North, Central and South America (Delacour and
Amadon, 2004), the majority of taxa are endemic to South
America. Their current geographic distribution, in combination
with inferred Gondwana origins, led to the suggestion that crown
Cracidae diversified in South America (Pereira et al., 2002), while
the scant fossil record suggests diversification commenced in
North America (e.g., Brodkorb, 1954; Cracraft, 1971). The current
and historical geographic distribution of crown Cracidae in combi-
nation with the diversification chronology presented here (Fig. 1),
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suggest diversification in southern North America and subsequent
colonization of South America via the Panamanian land bridge.
South America presents a complex niche landscape, where vicari-
ance events, such as marine transgression, uplift of the Andes
and associated changes in river basins are all thought to have facil-
itated diversification of crown Cracidae (Pereira and Baker, 2004).
Consistent with this, we suggest that crown Cracidae exhibited a
rapid diversification when several lineages colonized South
America �4.5 Ma ago (Fig. 1).

MEDUSA analyses also indicated a sustained increase in diversi-
fication rate within the crown group uniting Numididae (4 genera
and 6 species), Odontophoridae (10 genera and 34 species) and
Phasianidae (52 genera and 178 species; Fig. 3). We inferred that
this super-familial clade diversified 49.4–64.5 Ma ago in the
Paleogene (Fig. 1), coincident with a period of climate warming
50–60 Ma ago that includes the Paleocene – Eocene thermal max-
imum (56 Ma; Zachos et al., 2008). This super-familial clade is dis-
tributed across all of the continents except Antarctica (del Hoyo
et al., 1994). Crown Numididae (guineafowl) is restricted to coastal
and sub-Saharan Africa (del Hoyo et al., 1994). Crown
Odontophoridae (tooth-beaked quail) is distributed primarily
across the Americas (del Hoyo et al., 1994); however, the genus
Ptilopachus (two species), which is sister to all of the American
Odontophorids, is also restricted to sub-Saharan Africa (Cohen
et al., 2012). Crown Phasianidae (52 genera and 178 species) is dis-
tributed across Africa, Eurasia, Australia and North America (del
Hoyo et al., 1994) and has been exceptionally successful at dispers-
ing into a diverse set of terrestrial habitats. We inferred that
Arborophilinae is sister to the five other subfamilies within
Phasianidae, and that Xenoperdix (2 taxa) is sister to all other gen-
era within Arborophilinae. Like Numididae and Ptilopachus,
Xenoperdix is also restricted to a limited distribution in
sub-Saharan Africa (Bowie and Fjeldå, 2005). This curious and con-
sistent pattern of geographic distribution suggests the ancestor of
this super-familial clade may have originated in Africa and that a
sustained increase in diversification rate occurred in the context
of long-distance dispersal and colonization. The Phasianidae is rec-
ognized as a model system for sexual selection (Darwin, 1871), and
this suggests that sexual selection may have contributed to the
sustained increase in diversification rate observed here (Seddon
et al. 2013).

4.3. Tempo and mode of diversification in the Galliformes

The K–Pg mass extinction had a profound impact on the evolu-
tionary history of birds (Longrich et al., 2011), and a subsequent,
lesser mass extinction event marks the Eocene–Oligocene bound-
ary (33.9 Ma; van Tuinen et al., 2006). Based on these
mass-extinction events, van Tuinen et al. (2006) proposed a
two-pulse model to account for the tempo and mode of diversifica-
tion in modern, non-passerine birds. Specifically, van Tuinen et al.
(2006) proposed ordinal diversification in the Cretaceous, produc-
ing a number of stem lineages that crossed the K–Pg boundary, and
post-K–Pg diversification of crown-orders in association with
either the Paleocene–Eocene thermal maximum (55 Ma ago) or
the Eocene–Oligocene transition. Based on the mean tMRCA and
the associated 95% CIs inferred here, we suggest that crown
Galliformes diversified well before the K–Pg mass extinction event
and that three-extant lineages crossed the K–Pg boundary (Fig. 1).
One-stem lineage diversified in association with Paleocene–Eocene
thermal maximum, giving rise to the super-familial clade uniting
the Numididae, Odontophoridae and Phasianidae. This super
familial-clade exhibited a sustained increase in diversification rate.
Crown Megapodiidae and Crown Cracidea diversified at or after the
Eocene–Oligocene transition. In contrast to the model proposed by
van Tuinen et al. (2006), the tempo and mode of diversification for
crown Galliformes appears to conform to a three-pulse, rather than
a two-pulse, model. Our analyses suggest that the Eocene–
Oligocene transition may have played a larger role in
intra-familial diversification of the Galliformes than previously
appreciated, and it may be that this is a more general phenomenon
for non-passerine bird orders.
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