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Elucidating well-supported phylogenies has proven
to be challenging for many groups (Rokas and Carroll
2006), even when multiple loci are used (e.g., Poe
and Chubb 2004). In many cases, these problematic
groups reﬂect rapid radiations where the times between
cladogenic events were insufﬁcient for the accumulation
of changes uniting groups of interest. Discordance
among gene trees is also likely under these conditions
(Edwards 2009), further exacerbating the difﬁculty of
resolving rapid radiations. Following a radiation, the
limited amounts of informative signal that might have
arisen can be obscured by subsequent changes (Whitﬁeld
and Lockhart 2007; Philippe et al. 2011; Patel et al. 2013),
making it even more difﬁcult to resolve a radiation (or
determine if it might reﬂect a hard polytomy).
Phylogenomic studies, which use large data sets
and sample the genome broadly, may allow historical
signal associated with short internodes to be recovered
(McCormack et al. 2012; Jarvis et al. 2014; Sun et al.
2014). However, simply adding sequence data does not
always provide more informative signal for resolving
difﬁcult phylogenetic problems (Philippe et al. 2011;
Kimball et al. 2013; Salichos and Rokas 2013; Kimball and
Braun 2014). Indeed, it has long been appreciated that
some phylogenetic estimators are inconsistent in parts of
parameter space (i.e., they fail to converge on the correct
tree topology as data that evolve under the same model

are added; see Felsenstein 1978; Kim 2000; Roch and Steel
2014). In practical terms, this implies that analyses of very
large data sets can sometimes result in strong support
for incorrect relationships (Jeffroy et al. 2006; Kubatko
and Degnan 2007). Thus, the best analytical methods for
phylogenomic data remain unclear.
The earliest phylogenomic studies were limited to
organisms with genome sequences generated for other
reasons (Rokas et al. 2003; Wolf et al. 2004). Sequence
capture and next-generation sequencing (NGS) now
allow hundreds or thousands of orthologous loci to
be collected for a substantially lower cost than whole
genome sequencing (e.g., Faircloth et al. 2012; Lemmon
et al. 2012; Hedtke et al. 2013; Li et al. 2013; Peñalba et al.
2014). The best analytical approach for phylogenomic
data remains unclear, although it is typically assumed
that analyses of large data sets comprising many
unlinked loci will require methods that incorporate the
multispecies coalescent (Edwards 2009).
Here, we examined the potential for data from
ultraconserved element (UCE) sequence capture
(Faircloth et al. 2012; McCormack et al. 2012) to resolve
a difﬁcult phylogenetic question. UCEs are highly
conserved regions (>60 base pairs [bp]; Bejerano et al.
2004) with ﬂanks that exhibit increasing variation
as the distance from the conserved core increases
(Faircloth et al. 2012). The conserved regions facilitate
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Abstract.—Rapid evolutionary radiations are expected to require large amounts of sequence data to resolve. To resolve these
types of relationships many systematists believe that it will be necessary to collect data by next-generation sequencing (NGS)
and use multispecies coalescent (“species tree”) methods. Ultraconserved element (UCE) sequence capture is becoming a
popular method to leverage the high throughput of NGS to address problems in vertebrate phylogenetics. Here we examine
the performance of UCE data for gallopheasants (true pheasants and allies), a clade that underwent a rapid radiation 10–
15 Ma. Relationships among gallopheasant genera have been difﬁcult to establish. We used this rapid radiation to assess the
performance of species tree methods, using ∼600 kilobases of DNA sequence data from ∼1500 UCEs. We also integrated
information from traditional markers (nuclear intron data from 15 loci and three mitochondrial gene regions). Species tree
methods exhibited troubling behavior. Two methods [Maximum Pseudolikelihood for Estimating Species Trees (MP-EST)
and Accurate Species TRee ALgorithm (ASTRAL)] appeared to perform optimally when the set of input gene trees was
limited to the most variable UCEs, though ASTRAL appeared to be more robust than MP-EST to input trees generated using
less variable UCEs. In contrast, the rooted triplet consensus method implemented in Triplec performed better when the
largest set of input gene trees was used. We also found that all three species tree methods exhibited a surprising degree
of dependence on the program used to estimate input gene trees, suggesting that the details of likelihood calculations
(e.g., numerical optimization) are important for loci with limited phylogenetic information. As an alternative to summary
species tree methods we explored the performance of SuperMatrix Rooted Triple - Maximum Likelihood (SMRT-ML),
a concatenation method that is consistent even when gene trees exhibit topological differences due to the multispecies
coalescent. We found that SMRT-ML performed well for UCE data. Our results suggest that UCE data have excellent
prospects for the resolution of difﬁcult evolutionary radiations, though speciﬁc attention may need to be given to the details
of the methods used to estimate species trees. [Galliformes, gene tree estimation error; Phasianidae; polytomy; supermatrix
rooted triplets; Triplec; total evidence.]
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et al. 2011; Wang et al. 2013; Kimball and Braun 2014).
Moreover, Kimball and Braun (2014) noted that even the
major point of agreement (the position of Syrmaticus
sister to all other gallopheasants) reﬂects a bipartition
with a remarkably low concordance factor (sensu Baum
2007) when multiple nuclear introns are analyzed. Thus,
it seems reasonable to postulate that the gallopheasants
might highlight any challenges associated with use of
UCEs to resolve rapid radiations.
METHODS
Taxon Selection and Molecular Methods
To evaluate the performance of UCEs, introns, and
mitochondrial data for phylogenetic analysis of the
gallopheasants, we selected 18 species, including 17
members of the family Phasianidae and a single
outgroup from Odontophoridae (the family sister to
Phasianidae; see Cox et al. 2007). This included at
least one species from each gallopheasant genus and
other phasianids that represent a variety of taxonomic
depths. We created a “traditional” phylogenetic data
set comprising the 15 nuclear introns and three
mitochondrial gene regions used by Kimball and Braun
(2014) and then we collected UCEs from the same
individuals, with the exception of Perdix perdix, Gallus
gallus, and Meleagris gallopavo. We had poor recovery
of UCEs from Perdix perdix so we substituted Perdix
dauurica UCE data; Perdix species are closely related and
monophyly of the genus is uncontroversial (Bao et al.
2010). Finally, we extracted UCE data from the published
Gallus gallus (chicken) and Meleagris gallopavo (turkey)
genome sequences (Hillier et al. 2004; Dalloul et al. 2010).
We used the Faircloth et al. (2012) protocol with several
modiﬁcations to obtain UCE data. Brieﬂy, we prepared
Nextera sequencing libraries using the manufacturer’s
protocol (Illumina Inc., San Diego, CA), except that we
used primers with custom index sequences (Faircloth
and Glenn 2012), pooled libraries into groups of 8
taxa, and enriched each library pool using 5472 probes
(Mycroarray Inc., Ann Arbor, MI) that target 5060 UCE
loci. We then ampliﬁed the enriched pools using limitedcycle PCR (18 cycles), quantiﬁed the resulting pools by
qPCR (Kapa Biosystems Inc., Wilmington, MA), and
collected a single lane of Illumina HiSeq 2000 (Illumina
Inc., San Diego CA) PE75 data at the UC Irvine Genomics
High-Throughput Facility. After collecting the data, we
generated a de novo assembly using Velvet (Zerbino and
Birney 2008) before matching the contigs to deﬁned UCE
loci using PHYLUCE v1.1 (Faircloth et al. 2012; Faircloth
2014).
Sequence Alignment and Data Quality Assessment
We used the traditional marker alignments from
Kimball and Braun (2014), extracting the 18 taxa selected
for this study. For UCEs, we ﬁltered the data to produce
a “complete” (i.e., no missing loci for any taxon) matrix
of 1479 UCE loci, and generated UCE alignments using
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sequence capture and the ﬂanking regions provide
phylogenetic signal (Faircloth et al. 2012). UCE loci
are excellent phylogenomic markers because: 1) they
are easy to align (McCormack et al. 2012); 2) they
exhibit limited saturation, even for relatively deep
divergences (McCormack et al. 2012); and 3) they are
widely distributed, typically in single copy, throughout
vertebrate nuclear genomes (Bejerano et al. 2004). These
beneﬁts have led to the use of UCE data to resolve
relationships in many different taxonomic groups at
various evolutionary depths (Crawford et al. 2012;
McCormack et al. 2012; Faircloth et al. 2013; McCormack
et al. 2013; Green et al. 2014; Sun et al. 2014; Crawford et al.
2015; Streicher et al. 2016), including within populations
(Smith et al. 2014). Despite these promising results, there
have been few direct comparisons between UCEs and
“traditional” markers (i.e., mitochondrial DNA [Kocher
et al. 1989; Sorenson et al. 1999] and nuclear introns
[Kimball et al. 2009]). Thus, comparisons between the
results of analyses using UCE data and traditional
markers using available analytical methods, especially
coalescent (or “species tree”) methods, are likely to be
informative.
Analyses of UCE data obtained by sequence capture
have the potential to present challenges for several
reasons. First, it is unclear whether phylogenetic data
generated by NGS methods, which are assembled
using automated pipelines, are of lower quality than
the sequences of traditional markers, which are often
subjected to manual review. Second, the low degree of
variation within individual UCE loci is expected to result
in poorly resolved gene trees. This could cause problems
with “summary species tree” methods (e.g., MP-EST;
Liu et al. 2010). Indeed, the use of gene trees based on
relatively low variation markers has been suggested to
be problematic for species tree analyses (Gatesy and
Springer 2014; Lanier et al. 2014; Xi et al. 2015) and
empirical studies using UCE data have indeed produced
poorly resolved species trees (McCormack et al. 2013).
To further examine these issues we collected a UCE
data set focused on a difﬁcult phylogenetic problem,
explored the phylogenetic signal in the UCE data, and
performed explicit comparisons to nuclear introns and
mitochondrial gene regions (“traditional markers”).
The pheasant and allies (Phasianidae) underwent
numerous rapid radiations (Kimball et al. 1999; Shen
et al. 2010; Kimball et al. 2011; Wang et al. 2013;
Kimball and Braun 2014; Stein et al. 2015). The
“greater gallopheasant clade” (true pheasants and
allies, hereafter called “gallophesants”) underwent a
radiation 10–15 Ma [based on Jetz et al. (2012) and
Stein et al. (2015)]. This group comprises six genera
(Catreus, Crossoptilon, Chrysolophus, Lophura, Phasianus,
and Syrmaticus), and gallopheasant monophyly is
strongly supported (e.g., Crowe et al. 2006; Kimball and
Braun 2008; Bao et al. 2010; Kimball et al. 2011; Wang et al.
2013; Kimball and Braun 2014). However, relationships
among ﬁve of the six genera remain uncertain, even in
studies using multiple unlinked loci (e.g., Nadeau et al.
2007; Kimball and Braun 2008; Bao et al. 2010; Kimball
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the Faircloth et al. (2012) pipeline. We used GENEIOUS
(Version 6.1.2; Biomatters, 2013) to examine all UCE
alignments manually, allowing us to identify indels. We
examined a subset of 10 loci by PCR ampliﬁcation and
Sanger sequencing to determine whether any of the
identiﬁed indels were assembly artifacts.

Coalescent-Based Analyses and Congruence among Gene
Trees
Estimates of gene trees.—We generated 500 ML bootstrap
gene trees for each locus using RAxML, PhyML, and
GARLI (version 2.0; Zwickl 2006). We also generated
gene trees using MrBayes (version 3.1.2; Huelsenbeck
and Ronquist 2001), running each Markov chain Monte
Carlo (MCMC) analysis for 10,000,000 generations and
sampling the posterior from two sets of chains every
1000 generations (each set of chains used the default
parameters; i.e., four chains, three of which were heated).
We discarded the ﬁrst 30% of the MrBayes trees as burnin, a conservative value based on examining the results
in TRACER (Rambaut et al. 2014). Finally, we generated
optimal gene trees for each locus using GARLI because
it can produce trees with polytomies, which may be
desirable for loci that exhibit limited variation. RAxML
analyses used the GTR+ model, those conducted in
PhyML and MrBAYES used the best-ﬁtting model based
on MrAIC (Nylander 2004) for each locus, and GARLI
used the best-ﬁtting model based on MODELTEST
version 3.7 (Posada and Crandall 1998); PAUP* 4.0b10
(Swofford 2003) was used to estimate likelihoods for

MODELTEST. We used MrAIC to identify the best-ﬁtting
model for MrBAYES because the set of models examined
by MrAIC corresponds to the models implemented in
MrBAYES. We used the MrAIC to identify the bestﬁtting model for PhyML because MrAIC uses PhyML for
likelihood calculations. Finally, we used MODELTEST
to identify the best-ﬁtting model for GARLI analyses
because it is straightforward to implement the broader
set of models examined by MODELTEST in GARLI. For
both MrAIC and MODELTEST we used the second order
corrected Akaike information criterion (AICc ; Hurvich
and Tsai 1989), with the number of sites in the alignment
used as the sample size, to identify the best-ﬁtting model
for each locus.
Coalescent-based analyses.—To assess the utility of UCEs
for species tree estimation from gene trees, we input
the bootstrap ML (RAxML, GARLI, PhyML) or Bayesian
(MrBayes) gene trees to MP-EST (Liu et al. 2010) and
ASTRAL (Mirarab et al. 2014c). MP-EST uses rooted gene
trees as input and it generates an estimate of the species
tree with branch lengths in coalescent units, whereas
ASTRAL uses unrooted input gene trees and it focuses
only on the topology of the species tree. We used six
different sets of UCE loci: those with 1)  25 parsimonyinformative sites (N = 54); 2)  20 parsimony-informative
sites (N = 93); 3)  15 parsimony-informative sites
(N = 188); 4)  10 parsimony-informative sites (N = 366);
5)  5 parsimony-informative sites (N = 747); and 6)
all UCEs with at least one parsimony-informative site
(N=1289). As MrBayes produced a large number of trees,
we only used one out of every 25 trees (a total of 560 trees)
as input for analyses. We used the fully resolved trees
produced by the ML bootstrap and Bayesian analyses
as input trees for the summary species tree methods
MP-EST and ASTRAL. We conducted the MP-EST and
ASTRAL analyses for all sets of input gene trees (500
bootstrap trees or 560 Bayesian trees) and then produced
a majority rule extended (MRE) consensus (=“greedy”
consensus) tree, which we used as our estimate of the
species tree (with associated support values).
Individual UCEs exhibit limited variation (see below
for details), sometimes having a single parsimonyinformative site for our taxon sample. Such a UCE
only provides information about a single bipartition;
any other resolution of the gene tree for that locus
would be random. To address this issue, we used
Triplec (Ewing et al. 2008), a rooted triplet consensus
method that permits the use of gene trees with
polytomies and is consistent when discordance among
gene trees reﬂects the multispecies coalescent. Triplec
uses quartet puzzling (Strimmer and von Haeseler
1996) to combine rooted triplets and therefore produces
quartet puzzling values for each branch (which are not
directly comparable to bootstrap values).
We used three different approaches to obtain estimates
of gene trees with polytomies for input in Triplec. First,
we generated majority rule (MR) bootstrap consensus
trees using consense from Phylip (Felsenstein 2013)
for each ML bootstrap analyses (RAxML, GARLI,
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Concatenated Phylogenetic Analyses
We conducted analyses of concatenated data to
evaluate the phylogenetic signal in each of the three
data types (UCEs, nuclear introns, and mitochondrial
regions) individually and in two combinations: 1)
traditional markers (introns and mitochondrial gene
regions) and 2) all three data types combined.
We performed most of our analyses using the fast
maximum likelihood (ML) program RAxML (version
8.0.20; Stamatakis 2006; Stamatakis 2014), but we also
conducted some additional analyses in PhyML (version
3.0; Guindon et al. 2010) and PAUP* (version 4.0b10;
Swofford 2003) for comparison (PAUP* was used for
maximum parsimony [MP] analyses).
We identiﬁed the best partitioning scheme for RAxML
using PartitionFinder (Lanfear et al. 2012), using the
greedy search for the smaller traditional marker data
sets and hcluster (Lanfear et al. 2014) for the larger UCE
data set (with equal weighting). We used the Bayesian
information criterion (BIC; Schwarz 1978) to identify the
best partitioning scheme. We used 10 replicate searches
to identify the optimal tree and assessed support using
non-parametric bootstraps (with 500 replicates). We
also used the Shimodaira–Hasegawa-like approximate
likelihood ratio test (SH-like aLRT; Anisimova et al. 2011)
implemented in PhyML to assess support; that analysis
used the GTR+I+ model of evolution.
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Congruence among estimates of gene trees.—To assess
congruence among estimates of gene trees, we generated
a MRE consensus (=“greedy” consensus) of the
bootstrap gene trees using the Phylip consense program.
Because we wanted to focus on the branches in each gene
tree with at least some support, we generated the MRE
consensus using the same MR consensus gene trees used
as Triplec input (see above). We calculated the number
of gene trees supporting or conﬂicting with each clade
directly from the MRE consensus tree or by extracting
data from the bipartition table (the “.” and “*” notation)
generated by consense.
RESULTS
Quality of UCE Sequence Data
We generated a complete data matrix of 1479 UCE loci
(assembly statistics presented in Supplementary File S1);
the length of the aligned UCE loci ranged from 193 bp to
774 bp (median = 400 bp) for a total of 601,191 bp. Manual
examination of the alignments revealed two types of

potential assembly errors. First, 69 alignments (∼5% of
UCEs) had at least one sequence with a high degree
of mismatch at the 5’ or 3’ end in otherwise relatively
conserved regions (e.g., Supplementary Fig. S1). These
anomalies probably reﬂect assembly artifacts so we
trimmed nucleotides from the end of the relevant
sequence until at least ﬁve nucleotides were conserved
across the alignment. Second, we identiﬁed multiresidue
indels in 114 UCE loci. Approximately 75% of these
indels were >20 bp in length and many of the longest
indels were present in a single taxon. We did not detect
any of the ﬁve large (>50 bp in length) autapomorphic
insertions in Sanger-sequenced amplicons, suggesting
that they were assembly artifacts. These errors could
result in a minor branch length distortion so they were
excluded from analyses. This editing reduced the length
of the ﬁnal edited alignment to 599,627 bp. We initially
analyzed both the unedited and edited alignments, and
recovered the same topology with similar support (Fig. 1
and see below). For all subsequent analyses, we used
the edited alignment (with the terminal mismatches and
long autapomorphic insertions removed) because it is
likely to best reﬂect the underlying genomic sequences.
In contrast to the long autapomorphic insertions, the
ﬁve short insertions that we tested by PCR ampliﬁcation
and Sanger sequencing indicated that these insertions
were not assembly artifacts. There were 43 short,
multispecies indels in our alignments and 25 matched
the likely species tree, whereas 18 showed discordance.
Of the discordant indels, 11 involved repetitive regions
(microsatellites and homopolymers), so homoplasy was
not surprising. The remaining seven discordant indels
all conﬂicted with clades deﬁned by short internodes
and therefore likely represent hemiplasy (Avise and
Robinson 2008) rather than true homoplasy. Thus, with
the exception of those indels involving repetitive regions,
indels in UCEs likely deﬁne bipartitions in gene trees.
Patterns of Molecular Evolution for Different Data Types
The UCEs contributed > 97% of the 599,627 sites in
the ﬁnal edited data matrix (Table 1). Unsurprisingly,
the UCE loci had the lowest proportion of variable sites,
but still contributed the majority of variable sites to
the alignment due to the large number of UCE loci
included (Table 1). The proportion of variable sites
that were parsimony-informative was highest for the
mitochondrial regions, whereas introns and UCEs had
similar proportions. The mitochondrial sequences had a
lower consistency index (CI) than the introns (Table 1),
consistent with many other studies (e.g., Wang et al.
2013), whereas UCEs had a slightly higher CI than the
introns (Table 1).
Individual UCE loci exhibited limited variation per
locus (Supplementary Fig. S2). Thus, it is likely to be
difﬁcult to establish the best-ﬁtting model of evolution
for many UCE loci; the 95% credible set of models (for
the set of 56 models examined by MODELTEST) was
quite large for most loci, ranging from 1 to 42, with a
median of 16 (Supplementary File S2). Likewise, there
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and PhyML; see above). Second, we generated a MR
consensus trees from the MrBayes analysis (using
all 14,000 trees sampled after burn-in). We feel that
collapsing branches with <50% bootstrap support (or
a posterior probability <0.5) is reasonable given Berry
and Gascuel (1996) and Holder et al. (2008). Finally,
we generated optimal trees in GARLI but collapsed
very short branches to generate polytomies. All of these
strategies should eliminate bipartitions in gene trees
without any support, although they are also likely to
collapse some correct branches.
To complement the summary species tree methods,
we also conducted a SMRT-ML analysis (DeGiorgio and
Degnan 2010). Although SMRT-ML is a concatenation
approach, it is consistent when gene tree topologies
differ due to incomplete lineage sorting (DeGiorgio
and Degnan 2010). Brieﬂy, SMRT-ML decomposes a
concatenated data matrix into all possible sets of three
taxa, obtains the rooted ML tree for each possible
rooted triplet, and combines the rooted three taxon
trees using a supertree method. We used RAxML
without partitioning to conduct the ML analysis for
each rooted triplet and placed the root using the
outgroup (Cyrtonyx montezumae). Then we combined
the rooted triplets using matrix representation with
parsimony (MRP; Baum 1992; Ragan 1992); we used
clann (Creevey and McInerney 2005) for MRP coding
and PAUP 4.0a136 to identify the MRP tree. This
analysis was conducted using a Perl script modiﬁed
from the program used by Sun et al. (2014); the script
is available in the Dryad data submission for this
manuscript (http://dx.doi.org/10.5061/dryad.p1m52).
We estimated the bootstrap support for clades in the
SMRT-ML tree by generating 500 bootstrapped data
matrices from the original concatenated data matrix and
then running the SMRT-ML script on each bootstrapped
data set.
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FIGURE 1. Estimate of phylogeny for gallopheasants and outgroups generated by ML using the UCE data matrix. Identical results were
obtained using an unpartitioned analysis with the GTR+ model in RAxML (used to generate the phylogram) and the GTR+I+ model in
PhyML. Support values above branches reﬂect RAxML bootstrap percentages (from 500 replicates) and support values below branches are from
the SH-like aLRT from PhyML. Full support (100% bootstrap support or 1.0 aLRT values) is indicated using an asterisk (*).

TABLE 1.

Patterns of variation for the three data types

Partition No. of No. of variable
sites
sites
UCEs
introns
Mt

No. of inf
sites

599,627 39,848 (6.65%) 10,143 (1.69%)
11,296 3790 (33.6%)
1134 (10%)
3236
1264 (39.1%)
874 (27%)

inf variable
sites%

CI

25.5
29.9
69.2

0.8331
0.8037
0.4794

Percentages listed after the numbers of variable and parsimonyinformative (inf) sites are relative to the number of total sites in each
partition; “% inf variable sites” refers to the percentage of variable
sites that are parsimony informative. The consistency index (CI) was
calculated using the ML tree for the concatenated intron, Mt, and UCE
data matrix.

were often differences between the best model obtained
by MODELTEST and MrAIC (Supplementary File S2).
Nonetheless, there were patterns in the model selection
analysis. The best-ﬁtting model most often identiﬁed by
MODELTEST was HKY+I (25% of UCEs); that model
was also included in the 95% credible set for 93% of UCE
loci (Supplementary File S2). Thus, allowing different
transition and transversion rates appears to be important
for analyses of UCEs [Huelsenbeck et al. 2004 reported
similar results for other markers], as is including a

proportion of invariant sites to model among-site rate
heterogeneity.
The introns also had fairly large credible sets of models
(range = 5 to 23; median = 11), and the number of
parameters in the best-ﬁtting model for the introns
(median = 39) was similar to that for the UCEs (median
= 38). No single model was found in the credible
sets of all loci, though HKY+, TIM+, and TVM+
were in the credible sets for most introns (each was
found in 13 of 15 loci; Supplementary File S3). The
credible sets for the mitochondrial partitions (which
corresponded to the 12S ribosomal RNA and each of the
three codon positions in the CYB [cytochrome b] and
ND2 coding regions) included fewer models (range = 1
to 17; median = 6), and those models were more complex
(all credible sets included GTR+I+). However, some
model selection uncertainty for the mitochondrial data
remained (Supplementary File S3).
The Performance of Phylogenetic Estimation Using
Concatenation
Partitioned ML analyses of the UCE data and the
combined data matrix resulted in a tree (Fig. 2a)
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FIGURE 2. Partitioned ML estimates of phylogeny for the gallopheasant clade obtained using various concatenated data matrices. Topologies
for the gallopheasant ingroups are shown for the combined data matrix (introns+mt+edited UCEs) and the edited UCE data matrix (A), for the
traditional markers (introns+mt) and introns alone (B), and for the mitochondrial data (C). Bootstrap support is reported as percentages of 500
replicates in RAxML. Full support (100% bootstrap support) is indicated using an asterisk (*).

Estimates of UCE Gene Trees
The majority of UCEs contained fewer parsimonyinformative sites than the number of internal branches
in the tree given our taxon sample (1101 of the 1289
UCEs with at least one parsimony-informative site
have < 15 parsimony-informative sites), so estimates of
individual gene trees for UCE loci were poorly resolved
(Supplementary Fig. S4). The low rate of UCE evolution

means that synapomorphies that deﬁne branches in gene
trees, particularly short branches, will often be absent
(see Braun and Kimball 2001; Slowinski 2001), resulting
in poor quality gene trees.
It is very difﬁcult to differentiate between error in
estimates of gene trees (i.e., cases where the estimate
of the gene tree differs from the true gene tree for any
reason) and genuine discordance among true gene trees
due to incomplete lineage sorting (ILS) (or other factors;
cf. Maddison 1997). However, most species trees are
expected to include at least some relatively long branches
with limited ILS, and these branches can provide a
way to assess error rates for gene trees estimated using
UCEs. One such very low ILS clade is the “erectile
clade” (Kimball and Braun 2008) (node D in Fig. 1).
We recovered this clade in all gene trees based on
traditional markers (Fig. 3a), and it has emerged in
many previous molecular studies (reviewed by Wang
et al. 2013). Moreover, our MP analysis (Supplementary
Fig. S3) revealed 1376 unambiguous synapomorphies
for the erectile clade. Despite strong evidence that the
erectile clade should be present in the majority of true
gene trees, we found that it was actually present in
fewer than half of the majority rule bootstrap trees for
individual UCEs (Fig. 3a and Supplementary File S4).
Surprisingly, a large number of UCE gene trees included
bipartitions with at least 50% support that conﬂicted
with the erectile clade (Fig. 3b–f) and the proportion
of UCEs contradicting the erectile clade increased as
the number of parsimony-informative sites per UCE
decreased (Fig. 3b–f).
Estimates of the Species Tree and Individual Gene Trees
Several summary species tree methods (e.g., Liu et al.
2010) are known to be consistent estimators of the species
tree when used with true gene trees if discordance
among gene trees reﬂects deep coalescence (i.e., ILS
resolved in a manner incongruent with the species tree).
However, we found evidence for a relatively high error
rate in gene tree estimates (Fig. 3b–f; see above) so we
are not using true gene trees. Indeed, the error rate
we observed makes it unclear whether we could test
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absolutely congruent with the ML tree for the
unpartitioned UCE data alone (Fig. 1). Similar
results were found when the MP criterion was
used (Supplementary Fig. S3). ML trees estimated
using introns (Fig. 2b) and mitochondrial data (Fig. 2c)
exhibited some incongruence with the UCE/combined
evidence topology, in some cases with moderate support
(bootstrap  70%). The topology for the combined intron
and mitochondrial data (“traditional markers”) was
identical to the tree for introns alone (Fig. 2b), although
there was a reasonably large change in bootstrap
support relative to the introns alone.
All analyses placed Syrmaticus sister to the remaining
gallopheasants and recovered a clade comprising
Catreus, Crossoptilon, and Lophura (node L in Fig. 1;
hereafter the CCL clade). All analyses that included
the UCE data placed Chrysolophus sister to a clade
comprising Phasianus and the CCL clade (Fig. 2a),
whereas analyses based on traditional markers
supported a Chrysolophus–Phasianus clade (Fig. 2b
and c), with that clade sister to the CCL clade. This is
a rearrangement of the shortest internode within the
gallopheasants (Fig. 1; node K). The mitochondrial data
supported two other rearrangements within the CCL
clade (Fig. 2c). Outside of gallopheasants, analyses of
introns were identical to the UCE topology (Fig. 1)
though analyses of the mitochondrial data supported
a single rearrangement (node B in Fig. 1). There were
several other differences between the mitochondrial
and nuclear trees, either reﬂecting discordance among
gene trees or difﬁculties associated with analyses
of mitochondrial data (cf. Braun and Kimball 2002;
Meiklejohn et al. 2014).

618

VOL. 65

SYSTEMATIC BIOLOGY
73

A Greedy consensus of bootstrap gene trees
# of RAxML trees (of 1289 informative UCEs)

26

(% of total)

(2)

# of RAxML trees (of 16 traditional markers)

9
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(0.7)
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4 (25)
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92 (21)
14 (88)

Syrmaticus reevesii

(11)

(6)
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(50)

2
147 (13)
72
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(81)

Catreus wallichi
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Perdix

269
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(21)

(50)
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269
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(14)

7

7
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(44)

Lophophorus impejanus

(44)

Alectoris rufa
269

3

(21)

Gallus gallus

(19)

2

Pavo cristatus

(13)

Rollulus rouloul
Cyrtonyx montezumae

C GARLI bootstrap gene trees

% gene trees with (or without)
>50% support for erectile clade

B RAxML bootstrap gene trees
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D PhyML bootstrap gene trees

% supporting
% contradicting
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E

F GARLI optimal gene trees

MrBayes gene trees
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FIGURE 3. Similarities among estimates of gene trees obtained using different programs and UCEs. The greedy (MRE) consensus of gene
trees generated after collapsing nodes with <50% support to form polytomies (A). MRE consensus trees for all sets of gene trees are provided in
Supplementary File S4. The number of trees with resolved branches that agree or disagree with the erectile clade (the best supported clade in
the tree) is shown as histograms; results are shown for RAxML (B), GARLI (C), PhyML (D), MrBayes (E), and the optimal trees obtained using
GARLI (F).

the ﬁt of our data to the multispecies coalescent (e.g.,
using the frequency test described by Zwickl et al. 2014).
This prompted us to explore the impact of restricting
species tree analyses to UCEs with different numbers
of parsimony-informative sites in a systematic manner,
because loci with more parsimony-informative sites

appear to provide more accurate estimates of the gene
trees (e.g., Fig. 3b–f).
Analyses of UCEs using MP-EST and ASTRAL.—Estimates
of species trees obtained using both MP-EST and
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Species Tree Estimates
RAxML input trees
UCEs with ≥25 inf sites

Lophura inornata

80

63

*
*

96

*
**
*β

Lophura nycthemera
Lophura swinhoii

91

MP-EST
ASTRAL

46
36

69

α

78

Catreus wallichi
Chrysolophus pictus

94

Syrmaticus reevesii

95
97

*
*

Syrmaticus ellioti

*
*

Perdix dauuricae
Meleagris gallopavo
97
92

97

75
82

64

E

B

Alectoris rufa
C

Pavo cristatus

*
*γ

96
--

δ

Lophophorus impejanus

Gallus gallus

*
*

60

Tragopan blythii

99
47

*
*

ε

*
*

94
85

*
*

Rollulus rouloul
Cyrtonyx montezumae

FIGURE 4. MP-EST-RAxML and ASTRAL-RAxML estimates of the species tree. The species tree estimates for the smallest (left) and largest
(right) sets of gene trees (the 54 UCEs with  25 parsimony-informative sites and all 1289 informative UCEs, respectively) are shown. Nodes
of interest that differ from those in the trees estimated using concatenated data are indicated with Greek letters. Bootstrap support is reported
as percentages of 500 replicates in RAxML (MP-EST above branches and ASTRAL below). Full support (100% bootstrap support) is indicated
using an asterisk (*). Failure to recover a branch is indicated using “–” (ASTRAL analysis of all informative UCEs recovered node E instead of
node ).

ASTRAL were largely congruent with concatenated
analyses when restricted to gene trees estimated using
“highly informative UCEs” that have a large number of
parsimony-informative sites (Fig. 4 and Supplementary
Files S5 and S6). The topologies of species tree estimates
obtained using highly informative UCE were also stable
with respect to the program used to estimate gene trees
(Supplementary Files S5 and S6). Other than the lower
support for species tree analyses, the only difference
between estimates of the species tree generated using
the highly informative UCEs and the concatenated
analyses was the positions of Phasianus and Chrysolophus,
which were swapped relative to their positions in the
concatenated tree (Fig. 4, left, and Supplementary Files
S5 and S6). This rearrangement involves a branch with
limited bootstrap support in analyses of the UCE data
(see Fig. 3), although the MP analysis revealed 43
unambiguous synapomorphies uniting Phasianus with
the CCL clade (Supplementary Fig. S3).
MP-EST analyses using all informative loci recovered
several unexpected relationships when we input
gene trees generated by several different programs
(Fig. 4, right, and Supplementary File S5), including
Lophophorus+Tragopan (node E vs. , Fig. 4) and
Catreus+Crossoptilon (node M vs. , Fig. 4). Nodes E and

M were present in the concatenated UCE tree (Fig. 1) and
the clades deﬁned by those nodes were supported by 180
and 111 unambiguous synapomorphies, respectively, in
our MP analyses (Supplementary Fig. S3). Nodes E and
M were also present in MP-EST trees based on highly
informative UCEs (Fig. 4, left and Supplementary File S5)
and in other studies that have used species tree methods
as well as concatenation (Wang et al. 2013; Kimball
and Braun 2014). In contrast to the MP-EST-RAxML
analysis with all informative loci, the ASTRAL-RAxML
analysis with all loci did support node E, albeit with
only 61% bootstrap support (Supplementary File S6).
We also observed a shift in the position of Alectoris
(node C, within the non-erectile clade) to one sister to
a Gallus+Pavo clade (node ε) and ﬁnally to one sister to
the erectile clade (Fig. 4, node ) as input trees based on
less informative UCE loci were added (Table 2).
Rooted triplet consensus.—Although many available
summary species tree methods require fully resolved
gene trees, Triplec accepts partially resolved gene
trees, which may be advantageous with low-quality
gene trees. The pattern we observed with Triplec
appeared to be the opposite of that for MP-EST and
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TABLE 2.

Support for the non-erectile clade (node B) in species tree analyses

UCE set

 25
 20
 15
 10
5
1

MP-EST

ASTRAL

RAxML

GARLI

PhyML

MrBayes

RAxML

GARLI

PhyML

MrBayes

75/—*
71/—*
62/—
—/64
—/91
—/94

79/—*
73/—*
64/—
—/62
—/96
—/100

79/—*
78/—*
75/—
72/—
67—
—/69

86/—*
71/—*
80/—*
85/—
72/—
—/78

89/—*
82/—*
88/—*
81/—
61/—
—/85

90/—*
85/—*
89/—*
83/—
61/—
—/87

90/—*
85/—*
94/—*
94/—
96/—
64/—

94/—*
88/—*
96/—*
98/—
99/—
85/—

ASTRAL: estimates of the species tree based on a
small number of highly informative UCEs exhibited
incongruence with the concatenated tree (for the
gallopheasants) and estimates of the species tree based
on the largest number of gene trees were more congruent
(Supplementary File S7). Like the MP-EST and ASTRAL
trees based on the highly informative UCEs (e.g., Fig. 4,
left), the Triplec trees with all UCEs placed Phasianus
sister to a clade comprising Chrysolophus and the CCL
clade (i.e., node  in Fig. 4). Triplec support values
for node  ranged from 75% (Triplec-MrBayes) to 100%
(Triplec-GARLI), though using the optimal GARLI trees
with short branches collapsed to polytomies reduced the
support for this node to 50% (Supplementary File S7).
In contrast to the relatively unstable topology within
gallopheasants, the topology outside of gallophesants
was more robust and generally well supported
regardless of the input trees we used in Triplec. The
only point of incongruence outside the gallopheasants
was the recovery of the Gallus-Pavo clade (i.e., node ε in
Fig. 4) instead of the Gallus-Alectoris clade (node C in
Fig. 1) when large numbers of UCEs were analyzed.
Supermatrix rooted triplet analyses.—Although standard
ML analyses of concatenated data are positively
misleading in speciﬁc parts of species tree space (Roch
and Steel 2014), separate concatenated analyses of rooted
triplets are consistent (DeGiorgio and Degnan 2010).
Because the SMRT-ML method estimates topologies for
all possible rooted triplets from a concatenated data
matrix, SMRT-ML might be especially useful for UCE
data (e.g., Sun et al. 2014).
The estimate of tree topology for gallopheasants in
SMRT-ML analyses depended on the model used to
estimate the rooted triplet topologies (Fig. 6). The SMRTML topology based on the GTR+ model was identical
to that from standard concatenated analyses of UCEs
(i.e., Figs. 1 and 2a) whereas the topology based on
the GTR+I+ model was identical to the MP-EST and
ASTRAL tree estimated from the highly informative
UCE loci (e.g., Fig. 4) and the Triplec analyses using
the complete set of loci (see Supplementary File S7).

Species Tree Estimates
GARLI input trees
all informative UCEs
MP-EST
ASTRAL

*
**

*
**
**
*
52
70

*

87

*
*

*
*

*
*

*
*

Lophura nycthemera
Lophura swinhoii
Crossoptilon crossoptilon
Catreus wallichi
Chrysolophus pictus

96

*
*

Lophura inornata

Phasianus colchicus
99

*

Syrmaticus reevesii
Syrmaticus ellioti
Perdix dauuricae
Meleagris gallopavo

89
97

Tragopan blythii
Lophophorus impejanus
Alectoris rufa

*
*

Pavo cristatus
Gallus gallus
Rollulus rouloul
Cyrtonyx montezumae

FIGURE 5.
MP-EST-GARLI and ASTRAL-GARLI estimate of the
gallopheasant species tree with outgroups. This estimate of the species
tree used the largest set of gene trees (all 1289 informative UCEs). Full
support (100% bootstrap support) is indicated using an asterisk (*).

Bootstrap support for each of these alternatives was
limited (Fig. 6), possibly reﬂecting the conservative
nature of SMRT-ML (DeGiorgio and Degnan 2010; also
see Sun et al. 2014).
Outside of the gallopheasants the SMRT-ML
topologies exhibited a single rearrangement relative to
standard analysis of concatenated data (Fig. 1): they
recovered the Gallus-Pavo clade (i.e., node ε in Fig. 4)
with  95% bootstrap support (Supplementary File S8).
The SMRT-ML trees also showed strong (99%) bootstrap
support for the non-erectile clade (node B in Fig. 1 and
Fig. 4), unlike the highly rearranged MP-EST trees that
were based on all informative UCE loci (e.g., Fig. 4,
right).
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This table highlights the support for the non-erectile clade (and the position of Alectoris) in MP-EST and
ASTRAL analyses of the indicated sets of UCE loci (numbers indicate the minimum number of parsimonyinformative sites for the UCE loci). A support value on the left indicates node B (the non-erectile clade) was
present; a support value on the right indicates that node  (Alectoris + the erectile clade) was present. Cells
with node B are shaded, and they are broken into those with an Alectoris + Gallus clade (node C, indicated
with an asterisk) and those with a Pavo + Gallus clade (node ε).
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GTR+I+Γ

71
63

*
*

*
* *
*
*
*

Lophura inornata
Lophura nycthemera
Lophura swinhoii
Crossoptilon crossoptilon
Catreus wallichi

CCL clade

GTR+Γ

(indicated using thick branches)

SMRT-ML
bootstrap support:

621

Phasianus colchicus

*
*

Chrysolophus pictus
Syrmaticus ellioti
Syrmaticus reevesii

Topology 1:
SMRT-ML GTR+Γ and
standard concatenation
49
43

CCL clade
Phasianus

Topology 2:
SMRT-ML GTR+I+Γ and
species tree methods
44
48

CCL clade
Chrysolophus

Chrysolophus

Phasianus

Syrmaticus

Syrmaticus

FIGURE 6. SMRT-ML estimate of the gallopheasant species tree based on all UCE loci. A strict consensus of the topologies obtained using the
GTR+ and GTR+I+ models. Bootstrap support is reported as percentages of 500 replicates and 100% bootstrap support is indicated using
an asterisk (*). Two simpliﬁed topologies at the bottom of the ﬁgure are used to indicate the conﬂicting positions of Chrysolophus and Phasianus
in the GTR+ (topology 1, left) and GTR+I+ (topology 2, right) trees. The number of bootstrap replicates supporting each topology is shown
as presented above; italics indicate that the majority of bootstrap replicates using the relevant model did not recover the topology in question.
Complete SMRT-ML bootstrap consensus trees are presented in Supplementary File S8. Images of taxa used for this ﬁgure were modiﬁed by
E.L. Braun from the sources listed in Supplementary File S9.

DISCUSSION
It is now straightforward and relatively inexpensive to
collect large amounts of sequence data for phylogenetic
analyses using sequence capture with UCE probes
(Faircloth et al. 2012), and this approach is becoming
increasingly popular for phylogenetic studies (e.g.,
Crawford et al. 2012; McCormack et al. 2012; Faircloth
et al. 2013; McCormack et al. 2013; Green et al. 2014;
Sun et al. 2014; Crawford et al. 2015; Streicher et al.
2016). Our results indicate that UCEs exhibit slightly
less homoplasy than nuclear introns and showed that
both UCE loci and introns exhibit less homoplasy than
mitochondrial sequences. This is promising, because
introns are known to provide excellent phylogenetic
signal in birds (e.g., Chojnowski et al. 2008; Hackett
et al. 2008) and other vertebrates (e.g., Fujita et al. 2004;
Matthee et al. 2007). However, UCE data is much easier to
collect than intronic data, underlining the value of UCE
data.
The size of the UCE data matrix and the limited
homoplasy of those markers suggests that they should
provide strong support for relationships, but we found
that our analyses were unable to resolve all relationships

for the gallopheasants with full (100%) bootstrap
support. Perhaps surprisingly, analyses of the UCE
data contradicted a relationship with moderate (83%)
bootstrap support in the combined analysis of a 14.5 kb
combined intron and mitochondrial data matrix (with
5055 variable and 2008 parsimony-informative sites).
This suggests that nodes with moderate support in
analyses of small to moderately sized data sets (e.g.,
Fig. 2b) should be approached with caution.
Estimates of the Species Tree and Individual Gene Trees
Standard analyses of concatenated data can result
in misleading estimates of the species tree (Kubatko
and Degnan 2007; Roch and Steel 2014; Warnow
2015). However, simulations (reviewed by Gatesy and
Springer 2014) and detailed consideration of the
underlying theory (reviewed by Warnow 2015) both
reveal a more complex situation. Simulations show
that multispecies coalescent methods (“species tree
methods”) do outperform analyses of concatenated data
in some parts of parameter space (e.g., Mirarab et al.
2014a; Mirarab et al. 2014b; Liu et al. 2015; Edwards et al.
2016), but they also show that concatenated analyses
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underestimation of branch lengths in the species tree
(Liu et al. 2010) and that could make MP-EST more
problematic when the input gene trees are based on loci
with very low information content.
In contrast to MP-EST and ASTRAL, Triplec appeared
to be relatively robust to the use of poorly resolved gene
trees. Instead, our results suggest that Triplec requires a
large number of gene trees to converge on an accurate
estimate of the species tree. However, similar to the
results for MP-EST and ASTRAL, the program used to
estimate input gene trees did have an impact on support
values.
The basis for the differences in support observed for
species tree methods using input gene trees estimated
with different programs is unclear. Different models
were used for analyses, but the observed patterns
probably reﬂected more than the differences among
the models used (e.g., overparamaterization of some
analyses). The results of MP-EST-RAxML analyses
(which used the GTR+ model) were more similar
to those from MP-EST-PhyML and MP-EST-MrBayes
(Supplementary File S5) than to MP-EST-GARLI (Fig. 5
and Supplementary File S5), despite the use of less
parameter-rich models for many gene trees in GARLI,
PhyML, and MrBayes. It seems likely that differences
among programs in the details of the tree search and/or
numerical optimization routines (e.g., parameter and
branch length estimation) may play a role. Although
ASTRAL appeared to be somewhat more robust to
differences among the input gene trees, it did not
appear to be immune to these effects (Table 2 and
Supplementary File S6). Regardless of the details, the
program used to estimate input gene trees clearly had a
major impact on the results of our species tree analyses
using UCE data.
Considerations for Species Tree Estimation using UCEs
Unlike analyses of UCE data using concatenated
data, where a single topology emerged using different
analytical approaches (i.e., MP, unpartitioned ML, and
partitioned ML), analyses using species tree methods
resulted in very different topologies depending on
the details of the analysis. Perhaps more problematic,
support values for contradictory nodes in the estimated
species trees were often quite high and there was
a surprisingly high degree of dependence on the
program used to estimate gene trees. These ﬁndings
raise questions about the use of summary species tree
methods with low-information-content loci. Method
development for species tree approaches is likely to
proﬁt from improving the extraction of historical signal
despite error in gene tree estimates.
SMRT-ML has the potential to address concerns
that species trees may lie in the anomaly zone while
simultaneously taking advantage of the increased power
from using concatenated data. However, the reliance
of SMRT-ML on rooted triplets (when an outgroup is
used to root the triplets, as we did here, they actually
correspond to quartets) raises concerns regarding the
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provide a better estimate of the species tree in other
parts of parameter space (e.g., Bayzid and Warnow 2013;
Patel et al. 2013; Mirarab et al. 2014b). Still other analyses
suggest that the performance of both approaches is
statistically indistinguishable in many parts of parameter
space (Tonini et al. 2015). Finally, we note that the
statistical guarantees for summary species tree methods
do not hold when gene trees have error (Roch and
Warnow 2015; Warnow 2015). Thus, empirical evaluation
of species tree methods in various parts of parameter
space remains important.
We explored the quality of our gene trees by examining
if the individual gene trees include a single, speciﬁc
node (the erectile clade) with at least 50% bootstrap
support or whether the gene trees have at least 50%
bootstrap support for a bipartition that conﬂicts with
that node. Although this is only a single measure of
gene tree quality, our results suggest many gene trees
conﬂicted with the expected erectile clade. Estimated
gene trees may differ from the true gene trees of
orthologous loci for two reasons. First, there could be
misleading phylogenetic signal (e.g., base compositional
convergence [Jeffroy et al. 2006; Katsu et al. 2009] or
long-branch attraction [Felsenstein 1978]). Second, the
number of sites sampled might be insufﬁcient to provide
an accurate estimate of the gene tree (Braun and Kimball
2001; Chojnowski et al. 2008). The second possibility
is clearly important for our UCE data because only
52% of the RAxML UCE gene trees either supported
or contradicted the erectile clade with  50% bootstrap
support. Additionally, our observations that loci with
few parsimony-informative sites were much more likely
to exhibit conﬂict than those with many parsimonyinformative sites and that there were differences among
programs in the number of trees that contradicted the
erectile clade (Fig. 3b–f) provide evidence that error in
phylogenetic estimation due to insufﬁcient phylogenetic
information is a major explanation for the observed
incongruence among gene trees.
Three general patterns emerged in the more
commonly used summary species tree analyses (MPEST and ASTRAL). First, using gene trees estimated
using less informative UCEs as input for the species
tree method appeared to cause a shift toward more
asymmetric (pectinate) species tree topologies (Fig. 4
and Supplementary Files S5 and S6); this could reﬂect
known biases in the expected shape of gene trees when
branches in the species tree are short (cf. Harshman
et al. 2008; Smith et al. 2013; Rosenberg 2013). Second,
the estimate of the species tree exhibited a surprising
degree of dependence on the speciﬁc program used
to estimate the input gene trees. Finally, we observed
different results when MP-EST and ASTRAL were
compared. Like Simmons and Gatesy (2015), we found
that ASTRAL appeared to be more robust than MPEST (Table 2; also compare Supplementary Files S5 and
S6). This could reﬂect the fact that MP-EST obtains joint
estimates of branch lengths (in coalescent units) as part
of the tree search, whereas ASTRAL focuses only on
topology. Errors in the input gene tree will lead to the
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Edwards 2009; Liu and Edwards 2009; Edwards et al.
2016). However, consistency is not the only criterion
that should be used to choose among methods of
phylogenetic estimation (Sanderson and Kim 2000)
and proofs of consistency (as well as simulations to
assess the performance of methods with increasing
amounts of data) often rely on assumptions that are
unlikely to be “biologically realistic” (Roch and Warnow
2015; Warnow 2015; Springer and Gatesy 2016). Typical
assumptions for species tree methods include the
absence of hybridization and population subdivision
within species, because both distort the frequency of
gene trees relative to expectation under the multispecies
coalescent (Holland et al. 2008; Slatkin and Pollack 2008).
It seems reasonable to view all of the methods we
employed, including concatenation, as approaches that
are based on approximations to the true underlying
model (which is expected to include discordance among
gene trees due to the multispecies coalescent). It is known
that analyses based on good approximating models often
provide useful estimates of phylogeny even when the
data violate some assumptions of those models (cf.
Sullivan and Swofford 2001). Unfortunately, the best
approximating model for analyses of rapid radiations
when many individual loci have limited information
(Supplementary Fig. S4) and estimates of gene trees from
those loci have a high error rate (Fig. 3b–f) remains
unclear; further research (and method development) in
this area is necessary.
Relationships among Gallopheasants and Other Phasianids
The only difference between the species tree estimate
from highly informative UCEs and concatenated
analyses was the swapping of the positions of Phasianus
and Chrysolophus relative to the concatenated tree (Fig. 4,
left, and Supplementary Files S5 and S6). This node also
varied between UCEs and introns and combined introns
plus mitochondrial data. Both topologies have been
recovered in previous multilocus studies (e.g., Kimball
and Braun 2008; Wang et al. 2013).
Could the base of the gallopheasant radiation be in
the anomaly zone? The recovery of asymmetric species
tree topologies has been used to argue that the results
of concatenated analyses do not reﬂect an anomaly
zone problem (Degnan and Rosenberg 2006; Harshman
et al. 2008; Rosenberg 2013; Smith et al. 2013). The same
arguments apply here, because our species tree analyses
resulted in an asymmetric “swapped tree” topology
[using the Kubatko and Degnan 2007 nomenclature].
Could relationships among Phaisanus, Chrysolophus, and
the CCL clade reﬂect a hard polytomy? Most SMRTML bootstrap replicates supported one of two speciﬁc
topologies (Fig. 6). The third topology consistent with
the strict consensus topology of both SMRT-ML analyses
(i.e., presence of a Chrysolophus-Phasianus clade) was
not recovered in any SMRT-ML bootstrap replicates
(see Supplementary File S8). This suggests that there
is not a hard polytomy in the gallopheasants, because
that would predict approximately equal phylogenetic
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potential impact of long-branch attraction. Similar
concerns probably apply to other species tree methods
based on analyses of concatenated data for rooted triplets
or quartets of taxa (e.g., SVDquartets [Chifman and
Kubatko 2015]). However, loci with low rates of evolution
are less likely to exhibit long-branch attraction than
more rapidly evolving loci, suggesting that UCEs may
be especially useful for SMRT-ML analyses (especially
when the other advantages of using conserved loci
in phylogenetic analyses [see Betancur-R. et al. 2014]
are considered). An additional advantage of SMRT-ML
(and related methods) is the expectation of consistency
regardless of the recombination landscape. This is not
true for standard species tree methods (including coestimation methods) because individual regions that
are implicitly viewed as having a single gene tree may
actually represent a mosaic of histories (see Hobolth et al.
2011). The potential for intragenic recombination to have
a negative impact on summary species tree methods is a
subject of lively debate, with some authors suggesting
that recombination represents a major challenge for
those methods (Gatesy and Springer 2013; Gatesy and
Springer 2014; Springer and Gatesy 2016) and others
arguing that recombination is unlikely to be problematic
(Lanier and Knowles 2012; Wu et al. 2013; Edwards et al.
2016). Unfortunately, SMRT-ML has seldom been used in
empirical studies [recent exceptions are DeGiorgio et al.
2014, Sun et al. 2014, and Hosner et al. 2015]. Thus, the
parts of parameter space where SMRT-ML behaves well
remain poorly characterized.
There are several species tree methods that we
did not explore. Bayesian co-estimation methods are
computationally impractical for data sets of this size.
Even if they were practical, it is reasonable to be
concerned that the priors will dominate the gene tree
topologies when low-information loci are analyzed,
though the impact this might have on species tree
estimation is unclear. Binning loci with similar histories
has also been suggested to improve the estimated
distribution of gene trees when phylogenetic signal is
limited (Bayzid and Warnow 2013; Mirarab et al. 2014a).
However, we believe that our analyses suggest binning
methods are poorly suited to UCE data. The limited
variation of individual UCEs could result in random
binning if the tree compatibility threshold is high.
However, a lower threshold of support could amplify
phylogenetic errors given the surprisingly large number
of trees that conﬂicted with our “gold standard” branch
(the erectile clade; Fig. 3b–f). This could result in the need
for complex “ﬁne tuning” of the compatibility threshold.
Finally, we did not examine methods that use branch
lengths in the gene trees (e.g., STEM; Kubatko et al. 2009)
because we felt that the low variation of UCEs makes the
recovery of accurate branch lengths impractical.
There are a number of statistical issues that deserve
consideration when applying species tree methods
to UCE data (or any type of molecular data). The
most commonly cited rationale for using species tree
methods is the inconsistency of concatenation in parts
of parameter space (e.g., Kubatko and Degnan 2007;
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