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Abstract

It is well known that species with elevated substitution rates can give rise to disproportionately long branches in the
species tree. This combination of long and short branches can contribute to long-branch artifacts (LBA). Despite efforts to
remedy LBA via increased taxon sampling and methodological improvements in gene tree estimation, it remains unclear
how long and short branches affect species tree estimation in the presence of incomplete lineage sorting (ILS). Here, we
examine the combined influence of long external and short internal branches on concatenation and coalescent methods
using both simulated and empirical data. Our results demonstrate that the presence of long and short branches alone
does not obviously confound the consistency of concatenation and coalescent methods. However, when long external and
short internal branches occur simultaneously with high ILS, concatenation methods can be misled, especially when two of
these long branches are sister lineages. In contrast, coalescent methods are more robust under these circumstances. This
is particularly relevant because this topological pattern also characterizes numerous ancient rapid radiations across the
tree of life. Because short internal branches can increase the potential for ILS and gene tree discordance, our results
collectively suggest that coalescent methods are more likely to infer the correct species tree in cases of ancient rapid
radiations where long external and short internal branches are in close phylogenetic proximity.

Key words: ancient rapid radiation, coalescent methods, concatenation methods, incomplete lineage sorting, long-branch
artifacts.

Introduction
Long-branch artifacts (LBA) are well known in phylogenetic
inference (Felsenstein 1978). The term LBA usually refers to
conditions under which statistical inconsistency in the infer-
ence method arises due to a combination of long and short
branches (Huelsenbeck and Hillis 1993; Hillis et al. 1994;
Sanderson et al. 2000; Bergsten 2005). The effect of LBA, in
which unrelated species are incorrectly placed together due
to misinterpretation of homoplastic characters, has been ex-
tensively studied in the context of gene tree estimation using
both simulated and empirical data (Huelsenbeck and Hillis
1993; Hillis et al. 1994; Huelsenbeck 1995; Lyons-Weiler and
Hoelzer 1997; Siddall and Whiting 1999; Sanderson et al. 2000;
Anderson and Swofford 2004; Kolaczkowski and Thornton
2009; K€uck et al. 2012). These studies have shown that LBA
may occur when the model used in gene tree estimation is
misspecified, and is especially pervasive under circumstances
where substitution rates are elevated or taxon sampling is
sparse (Bergsten 2005; Wiens 2005).

Advances in next-generation sequencing and computa-
tional phylogenomics have shifted the emphasis of phyloge-
netic studies from gene tree to species tree estimation
(Edwards 2009). Until recently, the reconstruction of

phylogenies that span tens of millions of years has relied
mostly on concatenation methods, in which phylogenies
are inferred from a single matrix assembled by concatenating
hundreds, or even thousands, of genes. This so-called “com-
bined-analysis” or “total-evidence” approach (Kluge 1989;
William and Ballard 1996; de Queiroz and Gatesy 2007) has
been applied in numerous recent phylogenomic studies of
animals (Dunn et al. 2008; Hejnol et al. 2009; Regier et al. 2010;
Philippe, Brinkmann, Copley, et al. 2011; Smith et al. 2011),
bacteria (Wu et al. 2009), plants (Finet et al. 2010; Lee et al.
2011; Wodniok et al. 2011; Timme et al. 2012), and yeasts
(Hess and Goldman 2011; Salichos and Rokas 2013). These
analyses implicitly assume that all genes have the same, or
very similar, evolutionary histories. Empirical studies, however,
have shown that incomplete lineage sorting (ILS), a major
source of gene tree discordance, is perhaps common across
the tree of life (Pollard et al. 2006; Degnan and Rosenberg
2009; Song et al. 2012; Wall et al. 2013; Kutschera et al. 2014).
In addition, theoretical and simulation studies have shown
that concatenation methods can yield misleading results, es-
pecially if the species tree is in an “anomaly zone” (Kubatko
and Degnan 2007; Liu and Edwards 2009). This zone is a
region of branch length space in the species tree characterized
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by very short internal branches in which the most frequently
produced gene tree differs from the species tree topology
(Degnan and Rosenberg 2006). In other words, it is a species
tree characterized by a rapid radiation and/or large effective
population sizes where ILS is high (Pamilo and Nei 1988;
Degnan and Rosenberg 2009).

Recently developed coalescent-based methods permit
gene trees to have different evolutionary histories (Liu, Yu,
Kubatko, et al. 2009). Some of these coalescent methods, such
as *BEAST (Heled and Drummond 2010) and BEST (Liu 2008),
simultaneously estimate the gene trees and species tree.
These coestimation methods have outstanding accuracy,
but are computationally intensive and do not scale up for
genome-level analyses (Leach�e and Rannala 2011; Bayzid and
Warnow 2013; Mirarab, Bayzid, et al. 2014). Other gene-tree-
based coalescent methods as implemented in MP-EST (Liu
et al. 2010), STELLS (Wu 2012), and STEM (Kubatko et al.
2009) infer the species tree from a set of estimated gene trees.
In addition, some of the recently developed consensus meth-
ods, such as ASTRAL (Mirarab, Reaz, et al. 2014), NJst (Liu and
Yu 2011), STAR (Liu, Yu, Pearl, et al. 2009), and STEAC (Liu,
Yu, Pearl, et al. 2009), estimate the species tree using summary
statistics from the estimated gene trees. Although these con-
sensus methods are not strictly coalescent based, they can
accommodate gene tree discordance due to ILS and have
been shown to be statistically consistent under the multi-
species coalescent model (Mirarab, Bayzid, et al. 2014).
Thus, for simplicity, we refer to these consensus methods as
gene-tree-based coalescent methods. Both simulation and
empirical studies have demonstrated that coalescent meth-
ods better accommodate gene tree discordance due to ILS
(Liu, Yu, Kubatko, et al. 2009; Liu, Yu, Pearl, et al. 2009; Liu et al.
2010; Song et al. 2012; Zhong et al. 2013; Mirarab, Bayzid, et al.
2014). Moreover, two recent phylogenomic studies have
demonstrated that coalescent methods are more robust to
elevated nucleotide substitution rates than concatenation
methods using maximum likelihood (ML) (Xi et al. 2013,
2014). Despite their potential promise to the field of phylo-
genomics (Edwards 2009; Liu, Yu, Kubatko, et al. 2009), how-
ever, coalescent methods have not fully emerged as a major
method of phylogenomic analyses, especially for phylogenetic
questions spanning deep evolutionary time.

In most simulation studies, the performance of concate-
nation versus coalescent methods has been investigated
under the assumption that the true species tree is ultrametric,
and thus all branches have the same mutation rate (Kubatko
and Degnan 2007; Liu and Edwards 2009; Leach�e and Rannala
2011; Bayzid and Warnow 2013). However, this is seldom the
case for empirical data. Rates of molecular evolution often
vary widely between species (Sanderson 2002; Smith and
Donoghue 2008; Lanfear et al. 2010), and species with elevated
substitution rates can lead to disproportionately long
branches in a species tree (all branch lengths used for this
study are in mutation units). Thus, it is critical to understand
the combined influence of long and short branches in species
tree estimation. ML is less commonly affected by LBA in gene
tree estimation if the model assumptions are not violated
(Felsenstein 1978; Huelsenbeck 1995; Pol and Siddall 2001;

Bergsten 2005). When there is only a negligible amount of
conflict in gene tree topologies, that is, when ILS is low, the
combination of long and short branches should not overly
impact ML analyses of concatenated gene sequences (Pol and
Siddall 2001; K€uck et al. 2012). However, because short inter-
nal branches in a species tree can increase the potential for ILS
and gene tree discordance (Rannala and Yang 2003; Degnan
and Rosenberg 2006, 2009), it is important to understand how
the combination of long external and short internal branches
will affect the performance of concatenation versus coales-
cent methods in the presence of high ILS. Importantly, these
conditions also characterize numerous ancient rapid radia-
tions across the tree of life, that is, an initial burst in diversi-
fication followed by long descendant branches of extant
lineages (Whitfield and Lockhart 2007; Whitfield and Kjer
2008). The effect of LBA under these circumstances could
be further exacerbated because phylogenomic analyses fre-
quently sample a single, or only a small number of, species for
large clades to resolve such ancient rapid radiations (e.g., to
minimize cost and optimize analysis efficiency). This sampling
bias may artificially create long external branches that might
otherwise be remedied with increased taxon sampling
(Stefanović et al. 2004; Brinkmann et al. 2005; Lartillot et al.
2007; Pick et al. 2010; Xi et al. 2012).

Here, we explored the impact of long external and short
internal branches on species tree estimation under varying
degrees of ILS. Our simulation analyses demonstrate that the
presence of long and short branches alone does not obviously
confound the consistency of concatenation and coalescent
methods. With low ILS, concatenation methods are more
likely to recover the true species tree when the number of
genes is small or the external branches are extremely long.
However, when long external and short internal branches
occur simultaneously with high ILS, concatenation methods
can be misled especially when two of these long branches are
sister lineages. In contrast, coalescent methods are more
robust under these circumstances. To further investigate
this phenomenon, we additionally analyzed an empirical
data set of Scrotifera mammals, which represents an ancient
rapid radiation. Our species tree estimation using this phylo-
genomic data corroborates our simulation results, and indi-
cates that in the presence of high ILS, the combination of long
external and short internal branches can lead to the failure of
concatenation methods, but have less adverse effects on co-
alescent methods.

Results and Discussion

Simulated DNA Sequence Analyses

Simulation analyses of five-taxon species trees Q1–Q6 (fig. 1)
demonstrate that when � is low (i.e., 0.0001 for species trees
Q1 and Q2), all simulated gene trees (when rooted with spe-
cies E) are congruent with the species tree topology. When �
increases (i.e., 0.001 for species trees Q3 and Q4), on average
83% of the simulated gene trees are congruent with the spe-
cies tree topology. When � is high (i.e., 0.01 for species trees
Q5 and Q6), the topologies of simulated gene trees are highly
variable. Under these circumstances, on average only 20% of
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the simulated gene trees are congruent with the species tree
topology. Importantly, despite the highly discordant topolo-
gies among gene trees, the most probable gene tree still
matches the species tree topology. Thus, species trees Q5
and Q6, which are central to our subsequent discussion, are
not in the anomaly zone.

When there are no long branches in the species trees (i.e.,
species trees Q1, Q3, and Q5; fig. 1), both concatenation
(PhyML and RAxML) and coalescent (MP-EST and STAR)
methods can accurately estimate the true species tree as
the number of genes increases. In addition, when ILS is low
(i.e., � = 0.001 for the species tree Q3), the proportion of sim-
ulations in which both methods recover the true species tree

is 1.0 regardless of gene number. When ILS is high (i.e., � = 0.01
for the species tree Q5), however, more than 500 genes are
required for both concatenation and coalescent methods to
recover the true species tree with a proportion of 1.0. These
results indicate that when there is a high degree of gene tree
discordance, both methods require more genes to accurately
estimate the species tree. For species trees with three long
external branches but low ILS (i.e., � = 0.001 for the species
tree Q4; fig. 1), both concatenation and coalescent methods
recover the true species tree with a proportion of �0.96.
These results suggest that in the presence of low ILS, neither
method is adversely affected by the combination of long ex-
ternal and short internal branches in the species tree.
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Fig. 1. DNA simulations using five-taxon species trees to investigate the impact of long external and short internal branches on concatenation (PhyML
and RAxML) and coalescent (MP-EST and STAR) methods in the presence of ILS. DNA sequences were simulated on species trees Q1–Q6 under the
multispecies coalescent model (Rannala and Yang 2003). The lengths of the internal branches are set to 0.001 for species trees Q1–Q6 (branch lengths
are in mutation units). The lengths of the external branches leading to species A and E are set to 0.001 and 0.003, respectively, for species trees Q1–Q6.
The lengths of three external branches leading to species B–D are set to 0.002 for species trees Q1, Q3, and Q5 and 0.101 for species trees Q2, Q4, and
Q6. In addition, the population size parameter � is set to 0.0001 for species trees Q1 and Q2, 0.001 for species trees Q3 and Q4, and 0.01 for species trees
Q5 and Q6. Thus, these five-taxon species trees target specific cases where 1) only long external and short internal branches are present (the species tree
Q2), 2) only high ILS is present (the species tree Q5), and 3) long external and short internal branches occur simultaneously with high ILS (the species
tree Q6). Results shown here represent the proportion of simulations in which concatenation and coalescent methods recover the true species tree.
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However, concatenation and coalescent methods differ
sharply when long external and short internal branches
occur simultaneously with high ILS (i.e., the species tree Q6;
fig. 1). Under these circumstances, coalescent methods re-
cover the true species tree with a proportion of �0.99 as
the number of genes increases to 500. In contrast, the pro-
portion of simulations in which concatenation methods re-
cover the true species tree is very low (�0.16), and declines to
0 as the number of genes increases to 1,000. In these cases,
even though the topology of the true species tree is symmet-
rical, concatenation methods consistently infer two pectinate
species trees as the number of genes increases (fig. 5). These
results indicate that in the presence of high ILS, the combi-
nation of long external and short internal branches can lead

to the failure of concatenation methods, even when the true
species tree is not in the anomaly zone.

To explore if the choice of species number in our first
simulation analyses affects the performance of concatenation
and coalescent methods, we also simulated DNA sequences
on three 8-taxon species trees (fig. 2). When only high ILS is
present (i.e., the species tree R1) or long external and short
internal branches occur simultaneously with low ILS (i.e., the
species tree R2), both concatenation and coalescent methods
can accurately estimate the species tree as the number of
genes increases. In these cases, coalescent methods recover
the true species tree with a higher proportion when ILS is high
and the number of genes is less than 500. In contrast,
concatenation methods recover the true species tree with a
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Fig. 2. DNA simulations using eight-taxon species trees to investigate the impact of long external and short internal branches on concatenation
(PhyML and RAxML) and coalescent (MP-EST and STAR) methods in the presence of ILS. DNA sequences were simulated on species trees R1–R3 under
the multispecies coalescent model (Rannala and Yang 2003). The lengths of the internal branches are set to 0.001 for species trees R1–R3 (branch
lengths are in mutation units). The lengths of the external branches leading to species A, B, C, and H are held constant in species trees R1–R3 (0.001,
0.001, 0.002, and 0.005, respectively). For the species tree R1, the four external branches leading to species D–G are short (0.002, 0.002, 0.003, and 0.005,
respectively), whereas for species trees R2 and R3, these four external branches are long (0.201, 0.201, 0.202, and 0.204, respectively). In addition, the
population size parameter � is set to 0.001 for species tree R2 and 0.01 for species trees R1 and R3. Thus, these eight-taxon species trees target specific
cases where 1) only high ILS is present (the species tree R1), 2) long external and short internal branches occur simultaneously with low ILS (the species
tree R2), and 3) long external and short internal branches occur simultaneously with high ILS (the species tree R3). Results shown here represent the
proportion of simulations in which concatenation and coalescent methods recover the true species tree.
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higher proportion when ILS is low and the number of genes is
less than 1,000 (fig. 2). When long external and short internal
branches occur simultaneously with high ILS (i.e., the species
tree R3), coalescent methods still recover the true species tree
with a proportion of �0.97 as the number of genes increases
to 500. However, the proportion of simulations in which con-
catenation methods recover the true species tree under these
circumstances is low (�0.24), even when the number of genes
increases to 2,000. Thus, our simulation analyses using five-
and eight-taxon species trees indicate that in the presence of
high ILS, the combination of long external and short internal
branches can lead to the failure of concatenation methods. In
contrast, coalescent methods are more robust under these
circumstances.

To explore how varying lengths of the internal branches
affects species tree estimation in the presence of long external
branches and high ILS, we additionally simulated DNA

sequences on species trees S1–S3 (fig. 3). These three species
trees possess the same length for external branches leading to
ingroup species A–D, but various lengths for internal
branches. Similar to the species tree Q6, gene trees simu-
lated on these three species trees are highly variable, and
on average only 20% of them are congruent with the species
tree topology. Moreover, because the most probable gene
tree matches the species tree topology, as above, all three
species trees are not in the anomaly zone. For species trees
S1–S3, the proportion of simulations in which coalescent
methods recover the true species tree increases to 1.0 as
the number of genes increases to 500 (fig. 3). These results,
together with our first simulation analyses, suggest that in the
presence of long external branches and high ILS, coalescent
methods are robust to various internal branch lengths (i.e.,
0.001 in the species tree Q6 and 0.002, 0.005, and 0.01 in
species trees S1–S3, respectively). In contrast, concatenation
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Fig. 3. DNA simulations to investigate how varying the length of the internal branches affects concatenation (PhyML and RAxML) and coalescent
(MP-EST and STAR) methods in the presence of long external branches and ILS. DNA sequences were simulated on five-taxon species trees S1–S3 under
the multispecies coalescent model (Rannala and Yang 2003). The lengths of the internal branches are variously set to 0.002, 0.005, and 0.01 for species
trees S1–S3, respectively (branch lengths are in mutation units). The lengths of the external branches leading to ingroup species A–D are set to 0.001,
0.101, 0.101, and 0.101, respectively, for species trees S1–S3. The length of the external branch leading to outgroup species E is set to 0.005, 0.011, and
0.021 for species trees S1–S3, respectively. In addition, to generate the same degree of ILS as in the species tree Q6 (fig. 1), the population size parameter
� is variously set to 0.02, 0.05, and 0.1 for species trees S1–S3, respectively. Results shown here represent the proportion of simulations in which
concatenation and coalescent methods recover the true species tree.
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methods are sensitive to the internal branch length under
these circumstances. Here, when internal branch lengths in-
crease from 0.001 (i.e., the species tree Q6) to 0.002 (i.e., the
species tree S1), the proportion of simulations in which con-
catenation methods recover the true species tree is still low
(i.e., �0.10 when the number of genes increases to 2,000; fig.
3). However, if we further increase the internal branch lengths
to 0.005 (i.e., the species tree S2), the proportion of simula-
tions in which concatenation methods recover the true spe-
cies tree increases to 0.99 as the number of genes increases to
2,000 (fig. 3). These results indicate that by increasing internal
branch lengths, thereby decreasing the ratio of the external/
internal branch lengths, there is a vast improvement in the
efficiency of concatenation methods. We attribute this be-
havior to a reduction in the severity of LBA effects.

To more thoroughly address how varying the number and
placement of long external branches affects species tree esti-
mation in the presence of short internal branches and ILS, we
further simulated DNA sequences on five-taxon species trees
T1–T16 (fig. 4). Because these 16 species trees have the same
internal branch lengths (i.e., x = 0.001), the degree of ILS de-
pends only on the value of �. Similar to our first simulation
analyses, when � = 0.0001, all simulated gene trees are con-
gruent with the species tree topology. When � = 0.01, the
topologies of simulated gene trees are highly variable: On
average 20% of the simulated gene trees matched the species
tree when the topology is symmetrical (i.e., species trees
T1–T5) and 16% when the topology is pectinate (i.e., species
trees T6–T16). Moreover, since the most probable gene tree
matches the species tree topology, as above, all 16 species
trees are not in the anomaly zone.

When there is only one long external branch (i.e., species
trees T1, T6, T7, and T8; fig. 4), both concatenation and co-
alescent methods can estimate the true species tree with a
proportion of 1.0 in most cases. The proportion of simulations
in which concatenation methods recover the true species tree
drops below 0.90 only when high ILS (i.e., � = 0.01) is com-
bined with an extremely long branch (i.e., y = 0.5 for species
trees T1 and T6; fig. 4). One exception is the species tree T8, in
which the external branch leading to species D is long. Here,
coalescent methods still recover the true species tree with a
proportion of 1.0. However, the proportion of simulations in
which concatenation methods recover the true species tree
drops when � = 0.01 and y� 0.05, and declines to 0 when
y = 0.5 (fig. 4). In these cases, concatenation methods consis-
tently infer an incorrect species tree (i.e., topology b in fig. 5).
Because concatenation methods can accurately estimate the
true species tree T8 when � = 0.0001, these results indicate
that in the presence of high ILS, the combination of long
external and short internal branches may lead to failure of
concatenation methods even when there is only a single long
external branch.

When there are two or three long external branches in our
species trees, as long as there are no long branches sister to
each other (i.e., species trees T3, T10, T11, T12, and T15; fig. 4),
both concatenation and coalescent methods can estimate
the true species tree with a proportion of �0.99, even
when these external branches are extremely long (i.e., y = 0.5).

When two of these long external branches are sister line-
ages (i.e., species trees T2, T4, T9, T13, and T14; fig. 4), as long
as there is no ILS (i.e., � = 0.0001), both concatenation and
coalescent methods can still estimate the true species tree
with a proportion of�0.99. The proportion of simulations in
which coalescent methods recover the true species tree drops
below 0.20 only when these external branches are extremely
long (i.e., y = 0.5 for species trees T2, T9, T13, and T14; fig. 4). In
contrast, concatenation methods still recover the true species
tree with a proportion of �0.67 under these circumstances.
Previous simulations have demonstrated that when two long
external branches are sister lineages in a four-taxon gene tree
(i.e., the Farris zone [Siddall 1998] or the inverse-Felsenstein
zone [Swofford et al. 2001]), the accuracy of individual gene
tree estimation using ML is low when genes are short (i.e., the
proportion of correctly estimated gene trees is approximately
0.40 when there are 1,000 sites), but greatly improves as gene
length increases (Swofford et al. 2001). Thus, with low ILS, the
accuracy of ML analyses is much lower for individual gene
sequences than for concatenated gene sequences. Under
these circumstances, inaccurate gene tree estimation will
lead to incorrect species tree estimation using gene-tree-
based coalescent methods. With high ILS (i.e., � = 0.01), how-
ever, the proportion of simulations in which concatenation
methods recover the true species tree declines below 0.20
when y� 0.05 for species trees T2, T4, T9, and T14 (fig. 4).
In these cases, coalescent methods still accurately estimate
the true species tree, and only fail to do so when these exter-
nal branches are extremely long (i.e., y = 0.5). These results
indicate that in the presence of short internal branches and
high ILS, the negative impact of long external branches is
more pronounced for concatenation methods when two of
these long branches are sister lineages. In addition, our anal-
yses demonstrate that in the presence of high ILS, the dele-
terious impact of long and short branches is more severe for
concatenated gene sequences than for individual gene se-
quences. For example, even though the most frequently ob-
served gene tree (on average 13% of the inferred gene trees)
matches the species tree T4 when � = 0.01 and y = 0.2 (fig. 4),
the concatenation method fails to recover the true tree.
Because coalescent methods estimate species trees from in-
dividual gene trees, they are more consistent under condi-
tions where long external and short internal branches are in
close proximity. However, when these external branches are
extremely long, even coalescent methods can be misled, for
example, � = 0.01 and y = 0.5 in the species tree T4 (fig. 4).
Here, neither of the two most frequently observed gene trees
(on average 10.3% and 10.2% of the inferred gene trees, re-
spectively) matches the species tree topology due to LBA,
which further leads to incorrect species tree estimation
using coalescent methods. Thus, even gene-tree-based coa-
lescent methods may become inconsistent under more ex-
treme circumstances where the estimation of individual gene
trees is significantly biased due to the combination of long
and short branches.

Finally, if all four external branches leading to the ingroup
species A–D are long and the species tree topology is pecti-
nate (i.e., the species tree T16; fig. 4), both concatenation and
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Fig. 4. DNA simulations to investigate how varying the number and placement of long external branches affects concatenation (PhyML and RAxML)
and coalescent (MP-EST and STAR) methods in the presence of short internal branches and ILS. DNA sequences were simulated on five-taxon species
trees T1–T16 under the multispecies coalescent model (Rannala and Yang 2003). In each of species trees T1–T16, the lengths of the internal branches
are set to x = 0.001 (branch lengths are in mutation units). Two values of the population size parameter � (i.e., 0.0001 and 0.01) are applied to simulate
varying degrees of ILS. In addition, the external branches assigned as long are highlighted in blue, and the lengths of these long external branches vary as
y = (0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5). Results shown here represent the proportion of simulations in which concatenation and coalescent
methods recover the true species tree.
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coalescent methods can estimate the true species tree with a
proportion of 1.0. The lone exception is when these four
branches are extremely long (i.e., y = 0.5). In this case, the
proportion of simulations in which both methods recover
the true species tree drops to as low as 0.60. If the species
tree topology is symmetrical (i.e., the species tree T5; fig. 4),
coalescent methods can similarly recover the true species tree

with a proportion of�0.99. The proportion of simulations in
which coalescent methods recover the true species tree drops
to approximately 0.40 only if these four external branches are
extremely long (i.e., y = 0.5). In contrast, when ILS is high (i.e.,
� = 0.01), the proportion of simulations in which concatena-
tion methods recover the true species tree declines as the
lengths of theses four external branches increase (i.e., 0.01
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Fig. 4. Continued.
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when y = 0.1; fig. 4). For reasons that we do not yet under-
stand, when these four external branches are extremely long
(i.e., y = 0.5), the proportion of simulations in which concat-
enation methods recovers the true species tree actually in-
creases to 0.65 (fig. 4).

Scrotifera Mammalian Data Analyses

The two empirical data sets we analyzed (i.e., the seven- and
five-taxon Scrotifera data sets) included 1,394 genes, and the
average number of nucleotide sites for each gene was
1,078. Our concatenation and coalescent analyses of the
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Fig. 4. Continued.
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seven-taxon Scrotifera data set produced a well-supported
(�83 bootstrap percentage [BP]) species tree (fig. 6a),
which is congruent with the species tree inferred by
Tsagkogeorga et al. (2013). As expected, this noted ancient
rapid radiation produces short internal branches separating
the four orders in our species tree. Moreover, these data ex-
hibit a high degree of discordance among individual gene
trees (fig. 6b). Despite conflicting topologies among gene
trees, a clade consisting of Cetartiodactyla plus
Perissodactyla is supported by both concatenation and coa-
lescent methods with 98 and 83 BP, respectively (fig. 6a). This
sister relationship is also identified in the most frequently
observed gene tree (30% of all 1,394 gene trees; fig. 6b).

When reducing our seven-taxon Scrotifera data set to five
species (i.e., Bos taurus, Canis familiaris, Eidolon helvum, Equus
caballus, and Felis catus) to artificially create longer external
branches in this rapid radiation, we observed a similarly high
degree of gene tree discordance (fig. 6b). Here, the clade of
Cetartiodactyla plus Perissodactyla remains moderately sup-
ported in our coalescent analyses (71 and 61 BP from MP-EST
and STAR, respectively; fig. 6c). In contrast, concatenation
methods instead place Perissodactyla as sister to Carnivora
with 63 BP (fig. 6d), despite the fact that the most frequently

observed gene tree (33% of all 1,394 gene trees; fig. 6b) still
supports Perissodactyla as sister to Cetartiodactyla. Thus, our
analyses of this five-taxon Scrotifera data set corroborate our
simulation results above, and suggest that in the presence of a
high degree of gene tree discordance, the combination of long
external and short internal branches can lead to the failure of
concatenation methods. In contrast, coalescent methods are
more robust under these circumstances.

Conclusions
LBA was first demonstrated by Felsenstein (1978) on a four-
taxon gene tree. He demonstrated that two long external
branches, separated by a short internal branch, misled parsi-
mony or compatibility methods by consistently placing the
two nonsister, long branches together. The fundamental
cause of LBA in this circumstance is model misspecification,
in which parsimony or compatibility methods cannot cor-
rectly handle the increasing number of identical nucleotides
acquired by chance between the two nonsister lineages.
Similarly, model misspecification can occur in species tree
estimation. It has previously been shown that the model of
species tree estimation using concatenation methods can be
violated in the presence of extremely high ILS (i.e., the
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anomaly zone). However, until now the combined effects of
LBA and ILS have not been fully explored. Here, our simula-
tion analyses show that the combination of long external and
short internal branches alone does not obviously confound
the consistency of concatenation and coalescent methods.
With low ILS, concatenation methods are more likely to re-
cover the true species tree when the number of genes is small
or the external branches are extremely long. In contrast, when
long external and short internal branches occur simulta-
neously with high ILS, concatenation methods can be
misled especially when two of these long branches are sister
lineages, while coalescent methods are more robust under
these circumstances. Importantly, this topological pattern

characterizes numerous ancient rapid radiations across the
tree of life. Because short internal branches in a species tree
can increase the potential for ILS and gene tree discordance,
our results further suggest that coalescent methods are more
likely to infer the correct species tree in cases of ancient rapid
radiations where long external and short internal branches are
in close phylogenetic proximity.

Previous empirical studies have demonstrated that coales-
cent methods better accommodate gene tree discordance
(Song et al. 2012; Zhong et al. 2013) and elevated substitution
rates (Xi et al. 2013, 2014). Our empirical analyses using
Scrotifera mammals additionally show that when gene tree
discordance is high, coalescent methods can better handle
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Fig. 6. Performance of concatenation (PhyML and RAxML) and coalescent (MP-EST and STAR) methods on the Scrotifera mammalian data sets, which
represent an ancient rapid radiation (Zhou et al. 2012). (a) The species tree inferred from the seven-taxon Scrotifera data set using concatenation and
coalescent methods. BPs from PhyML/RAxML/MP-EST/STAR are indicated for each branch, and an asterisk indicates that the branch is supported by
100 BPs from PhyML, RAxML, MP-EST, and STAR. Branch lengths shown here (in mutation units) were estimated from the concatenated matrix using
RAxML. (b) Three possible relationships of Carnivora, Cetartiodactyla, Chiroptera, and Perissodactyla inferred from 1,394 genes. Percentages of each
topology found in the seven-/five-taxon Scrotifera data set are indicated below. Here, the most frequently observed gene tree corresponds with the
inferred species tree shown in figure 6a. (c) The species tree inferred from the five-taxon Scrotifera data set using coalescent methods (MP-EST and
STAR). This five-taxon Scrotifera data set is designed to artificially create longer external branches in the species tree by removing two Cetartiodactyla
species, Tursiops truncatus and Vicugna pacos, from the seven-taxon Scrotifera data set. BPs from MP-EST/STAR are indicated for each branch, and
branch lengths shown here were estimated from the concatenated matrix using RAxML. (d) The species tree inferred from the five-taxon Scrotifera data
set using concatenation methods (PhyML and RAxML). BPs from PhyML/RAxML are indicated for each branch, and branch lengths shown here were
estimated from the concatenated matrix using RAxML.
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species tree estimation in the presence of long and short
branches. These results further demonstrate that reducing
the effects of LBA remains critical, especially in the phyloge-
nomics era (Heath et al. 2008; Hejnol et al. 2009; Pick et al.
2010). Thus, it remains essential to improve taxon sampling to
reduce long branches when possible. However, in cases where
long branches are inevitable, for example due to a high rate
of extinction, it becomes essential to choose methods that
are more robust to artifacts in species tree estimation.
Furthermore, our results emphasize the growing consensus
that we not only need additional data to resolve difficult
phylogenetic problems, but also sophisticated methods that
reduce systematic errors in large-scale phylogenomic analyses
(Philippe, Brinkmann, Lavrov, et al. 2011; Philippe and Roure
2011).

Materials and Methods

Using Simulated Data to Examine the Impact of Long
External and Short Internal Branches on Species Tree
Estimation in the Presence of ILS

To investigate the impact of long external and short internal
branches on species tree estimation in the presence of ILS, we
first simulated DNA sequences on six 5-taxon species trees
under the multispecies coalescent model (Rannala and Yang
2003). These hypothetical species trees Q1–Q6 (fig. 1), are
topologically identical except with respect to branch lengths
and the degree of ILS. In each of these six 5-taxon species trees,
species E is designated as the outgroup, and one lineage was
sampled from each of the species A–E. The lengths of the
three short internal branches were held constant in all species
trees (i.e., 0.001; branch lengths are in mutation units, that is,
the number of nucleotide substitutions per site). The lengths
of the external branches leading to species A and E were also
held constant in all species trees (i.e., 0.001 and 0.003, respec-
tively). In order to simulate various evolutionary rates along
the same external branches across the species trees, we varied
branch lengths rather than mutation rates because a single
lineage was sampled from each species (fig. 1). For species
trees Q1, Q3, and Q5, the three external branches leading to
species B–D are short (i.e., 0.002), whereas for species trees Q2,
Q4, and Q6, these three external branches are long (i.e., 0.101).
In addition, we assumed that each gene lineage simulated
from a branch in the species tree was subject to the same
substitution rate specified for that branch. Thus, all gene trees
simulated on species trees Q2, Q4, and Q6 possess longer
external branches leading to species B–D, compared with
gene trees simulated on species trees Q1, Q3, and Q5. Our
choice of long and short branches were guided in part by our
phylogenomic investigations of the angiosperm clade
Malpighiales (Xi et al. 2012), which contains approximately
16,000 species and constitutes up to 40% of the understory
tree diversity in tropical rain forests (Davis et al. 2005).
Molecular dating using multiple fossil calibration points re-
vealed that this corresponds to an explosive, ancient radiation
during the mid-Cretaceous (Davis et al. 2005; Wurdack and
Davis 2009; Xi et al. 2012).

In addition, we applied three different values of the pop-
ulation size parameter � to simulate varying degrees of ILS (i.e.,
0.0001 for species trees Q1 and Q2, 0.001 for species trees Q3
and Q4, and 0.01 for species trees Q5 and Q6; fig. 1). For each
of species trees Q1–Q6, we assumed that population size was
constant across all populations. The population size param-
eter � is defined as 4mNe, where Ne is the effective population
size and m is the average mutation rate per site per generation.
To determine if our values of � are comparable with empirical
studies, we first converted our branch lengths to coalescent
units. In order to accomplish this, the branch lengths in mu-
tation units must be divided by �. Here, we determine that
the lengths of the internal branches in species trees Q1–Q6
(i.e., 0.1, 1, and 10 coalescent units) are within the range of
two well-studied examples: The branches in Passerina bun-
tings (i.e., as short as 0.05 coalescent units) (Carling and
Brumfield 2008; Degnan and Rosenberg 2009) and the
two internal branches in the human–chimpanzee–gorilla–
orangutan species tree (i.e., ~1.2 and ~4.2 coalescent units)
(Rannala and Yang 2003; Degnan and Rosenberg 2006, 2009).
Because species trees Q1–Q6 have the same length for all
internal branches, the degree of ILS depends only on the value
of �. According to coalescent theory, the degree of ILS is
positively correlated with the value of �. Thus, a large value
of � produces gene trees with highly discordant topologies
despite a common species tree. In this regard, these five-taxon
species trees allowed us to target specific cases where 1) only
long external and short internal branches are present (i.e.,
species tree Q2), 2) only high ILS is present (i.e., species tree
Q5), and 3) long external and short internal branches occur
simultaneously with high ILS (i.e., species tree Q6).

Next, we simulated 50, 100, 200, 500, 1,000, and 2,000 gene
trees on each of species trees Q1–Q6 using the R function
sim.coaltree.sp as implemented in Phybase v1.3 (Liu and Yu
2010). Each gene tree was then utilized to simulate DNA
sequences of 1,000 bp using Seq-Gen v1.3.3 (Rambaut and
Grassly 1997) with the JC69 model (Jukes and Cantor 1969).
For concatenation analyses, the ML trees were estimated
from concatenated gene sequences using a single GTR+G
model. Analyses were performed with a random starting
tree using PhyML v20120412 (“-a e -b 0 -c 4 -f m -m GTR -
o tlr -s SPR -v 0 –rand_start –n_rand_starts 2”) (Guindon
et al. 2010) and RAxML v8.1.3 (“-d -f o -m GTRGAMMAX –
no-bfgs –no-seq-check”) (Stamatakis 2014). For coalescent
analyses, individual gene trees were first inferred using
PhyML with the GTR+G model and rooted with species E.
These estimated gene trees were then used to construct the
species trees with MP-EST v1.4 and the STAR method as
implemented in Phybase. Each simulation was repeated 100
times.

To explore if the choice of species number in our first
simulation affects the performance of concatenation and co-
alescent methods, we also simulated DNA sequences on three
8-taxon species trees (fig. 2) under the multispecies coalescent
model (Rannala and Yang 2003). In each of the species trees
R1–R3, species H is designated as the outgroup, and one
lineage was sampled from each of the species A–H. The
lengths of all internal branches were held constant in species
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trees R1–R3 (i.e., 0.001; fig. 2). The lengths of the external
branches leading to species A, B, C, and H were also held
constant in species trees R1–R3 (i.e., 0.001, 0.001, 0.002, and
0.005, respectively). For the species tree R1, the four external
branches leading to species D–G are short (i.e., 0.002, 0.002,
0.003, and 0.005, respectively), whereas for species trees R2
and R3, these four external branches are long (i.e., 0.201, 0.201,
0.202, and 0.204, respectively). In addition, we applied two
values of � to simulate varying degrees of ILS (i.e., 0.001 for
species tree R2, and 0.01 for species trees R1 and R3; fig. 2).
Similarly, these eight-taxon species trees allowed us to target
specific cases where 1) only high ILS is present (i.e., species tree
R1), 2) long external and short internal branches occur simul-
taneously with low ILS (i.e., species tree R2), and 3) long ex-
ternal and short internal branches occur simultaneously with
high ILS (i.e., species tree R3). DNA sequences were simulated
on each of the species trees R1–R3 as described above, and
the species trees were inferred using PhyML, RAxML, MP-EST,
and STAR as described above. Each simulation was repeated
100 times.

To investigate how varying the length of the short internal
branches affects species tree estimation in the presence of
long external branches and high ILS, we additionally simulated
DNA sequences on species trees S1–S3 (fig. 3) under the
multispecies coalescent model (Rannala and Yang 2003). In
each of these three 5-taxon species trees, the lengths of the
external branches leading to ingroup species A–D were held
constant as in the species tree Q6 described above (i.e., 0.001
for the branch leading to species A and 0.101 for branches
leading to species B–D). We varied the lengths of the three
internal branches (i.e., 0.002, 0.005, and 0.01 for species trees
S1–S3, respectively) and the external branch leading to out-
group species E (i.e., 0.005, 0.011, and 0.021 for species trees
S1–S3, respectively). Moreover, to generate the same degree
of ILS as in the species tree Q6, we variously set � to 0.02, 0.05,
and 0.1 for species trees S1–S3, respectively (fig. 3). DNA se-
quences were simulated on each of the species trees S1–S3 as
described above, and the species trees were inferred using
PhyML, RAxML, MP-EST, and STAR as described above.
Each simulation was repeated 100 times.

To more thoroughly address if varying the number and
placement of long external branches affects species tree esti-
mation in the presence of short internal branches and high
ILS, we further simulated DNA sequences on 16 species trees
(fig. 4) with two different topologies (i.e., symmetrical species
trees T1–T5, and pectinate species trees T6–T16). In each of
these five-taxon species trees, the length of the internal
branches was held constant (i.e., x = 0.001), and two values
of � (i.e., 0.0001 and 0.01) were applied to simulate varying
degrees of ILS. Furthermore, in each of species trees T1–T16,
various numbers (i.e., one to four) of the external branches
leading to the ingroup species A–D were assigned as long
(fig. 4). Here, the length of these long external branches
varies as y = (0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5).
For each value of y, we simulated 2,000 gene trees using
Phybase as described above, and these gene trees were then
utilized to simulate DNA sequences of 1,000 bp using Seq-
Gen with the JC69 model. The species trees were inferred

using PhyML, RAxML, MP-EST, and STAR as described
above. Each simulation was repeated 100 times.

Using Empirical Data to Examine the Impact of Long
External and Short Internal Branches on Species Tree
Estimation

In addition to our simulated data above, we explored the
performance of concatenation and coalescent methods
using empirical phylogenomic data in circumstances where
long external and short internal branches are in close phylo-
genetic proximity. To investigate this we reanalyzed the data
set from Tsagkogeorga et al. (2013), which included 2,320
coding DNA sequence alignments (subsequently referred as
genes) from 22 mammals. We first created a submatrix by
pruning the original data set to include seven Scrotifera
mammal species from four orders (B. taurus [order
Cetartiodactyla], C. familiaris [Carnivora], E. helvum
[Chiroptera], Eq. caballus [Perissodactyla], F. catus
[Carnivora], Tursiops truncatus [Cetartiodactyla], and
Vicugna pacos [Cetartiodactyla]). We included only those
genes containing DNA sequences from all seven species to
alleviate concerns of missing data. These four orders were
targeted because they exhibit a rapid radiation in the Late
Cretaceous (Zhou et al. 2012), that is, short internal branches
separating these orders in the inferred species tree
(Tsagkogeorga et al. 2013). These compressed internal
branches are where ILS is likely to be high. To demonstrate
the degree of gene tree discordance, we calculated the distri-
bution of estimated gene trees for the Scrotifera data sets, and
compared them to the inferred species trees. Based on the
phylogram estimated by Tsagkogeorga et al. (2013), we fur-
ther exacerbated long external branches in the species tree by
removing two of the three Cetartiodactyla species, T. trunca-
tus and V. pacos, from our initial seven-taxon Scrotifera data
set. This reduced five-taxon Scrotifera data set allowed us to
better examine how the combination of long external and
short internal branches will affect species tree estimation in
this ancient rapid radiation.

Species trees were inferred from each of the seven- and
five-taxon Scrotifera data sets using both concatenation and
coalescent methods. For concatenation analyses, the species
tree was estimated using PhyML and RAxML with the GTR+G
model as described above. For coalescent analyses, gene trees
were first inferred using PhyML with the GTR+G model and
rooted with E. helvum. These estimated gene trees were then
utilized to construct the species tree using MP-EST and STAR
as described above. Bootstrap support was estimated using a
multilocus bootstrapping approach (Seo 2008) with 100
replicates.
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