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The species tree is usually the subject of interest for
phylogeneticists, yet gene trees comprise the principal data used for species-tree inference. However, we
know that gene trees can disagree in topology with the
species tree that contains them (Pamilo and Nei 1988;
Avise 1989; Takahata 1989; Maddison 1997; Page and
Charleston 1997). Incomplete lineage sorting is one of
the most common reasons in nature for this discord
(Degnan and Rosenberg 2009). It potentially affects all
sexually reproducing organisms and predominates in
those that have experienced recent divergence (e.g., Sato
et al. 1999; Knowles 2000; Dolman and Moritz 2006;
Pollard et al. 2006). Thus, there is not only a need for
methods for recovering species trees from gene trees,
but the development and investigation of these methods have themselves also become exciting areas of research (Degnan and Salter 2005; Buckley et al. 2006;
Degnan and Rosenberg 2006; Maddison and Knowles
2006; Pollard et al. 2006; Carstens and Knowles 2007;
Liu and Pearl 2007; Mossel and Roch 2007; Brumﬁeld
et al. 2008; Knowles and Chan 2008; Liu et al. 2008).
Discord among gene trees poses a serious challenge
for phylogenetic estimation. Concatenation of gene sequences (Rokas et al. 2005), once considered standard, is
problematic because it does not incorporate the possibility of different evolutionary histories for different genes,
and thus overlooks an important and inherent element
in the evolution of gene trees (Kubatko and Degnan

2007). Especially for recent divergence, incomplete lineage sorting obscures species relationships (Carstens
and Knowles 2007), and stochasticity in the lineagesorting process can overwhelm phylogenetic signal to
the extent that even the most likely gene tree sometimes does not match the species tree (e.g., anomalous
gene tree phenomenon; Degnan and Rosenberg 2006;
but see Huang and Knowles 2009). Other approaches
to species-tree estimation rely on some predeﬁned similarity among gene trees or DNA sequences to identify
a species tree. These methods include democratic consensus, which takes the most frequent gene topology
(Slowinski and Page 1999; Jennings and Edwards 2005),
as well as methods that do not use gene trees at all,
such as taxon clustering, which measure similarity in
DNA sequence data (Takahata and Nei 1985; Maddison
and Knowles 2006). Still others incorporate the idea of
gene trees and coalescence, such as methods that estimate species trees by minimizing genealogical discord
or the number of deep coalescents, but do not take full
advantage of the information content contained in gene
trees, such as branch lengths (Page and Charleston 1997;
Maddison and Knowles 2006).
Recently, probabilistic methods for estimating species
trees from multiple gene trees have been developed
that combine Bayesian or maximum-likelihood models
in a coalescent framework to incorporate the inherent
stochasticity of gene lineage sorting (Degnan and Salter
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Abstract.—The understanding that gene trees are often in discord with each other and with the species trees that contain
them has led researchers to methods that incorporate the inherent stochasticity of genetic processes in the phylogenetic
estimation procedure. Recently developed methods for species-tree estimation that not only consider the retention and
sorting of ancestral polymorphism but also quantify the actual probabilities of incomplete lineage sorting are expected to
provide an improvement over earlier summary-statistic based approaches that discard much of the information content
of gene trees. However, these new methods have yet to be tested on truly challenging evolutionary histories such as
those marked by recent rapid speciation where high levels of incomplete lineage sorting and discord among gene trees
predominate. Here, we test a new maximum-likelihood method that incorporates stochastic models of both nucleotide
substitution and lineage sorting for species-tree estimation. Using a simulation approach, we consider a broad range
of species-tree topologies under 2 scenarios representing moderate and severe incomplete lineage sorting. We show
that the maximum-likelihood method results in more accurate species trees than a summary-statistic based approach,
demonstrating that information contained in discordant gene trees can be effectively extracted using a full probabilistic
model. Moreover, we demonstrate that the shape of the original species tree (i.e., the relative lengths of internal branches)
has a signiﬁcant impact on whether the species tree is estimated accurately. In the speciation histories explored here, it is
not just the recent origin of species that affects the accuracy of the estimates but the variance in relative species divergence
times as well. Additionally, we show that sampling effort (number of individuals and/or loci) and sampling design (ratio
of individuals to loci) are both important factors affecting the accuracy of species-tree estimates, which is again affected
by the relative timing of divergence among species. The inherent difﬁculties of estimating relationships when species
have undergone a recent radiation are discussed, and in particular, the limitations with maximum-likelihood estimates
of species trees that do not consider uncertainty in the estimated gene trees of individual loci. Thus, despite substantial
improvements over current summary-statistic based approaches, and the increased sophistication of procedures that
incorporate the process of gene lineage coalescence, recent radiations still appear to pose daunting challenges for
phylogenetics. [Coalescence; gene tree; lineage sorting; phylogenetics; species tree.]
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M ETHODS
The conceptual design (Fig. 1), which followed
Maddison and Knowles (2006), was to 1) generate 500
species trees with random branching patterns to represent the diversity of possible divergence scenarios;
2) simulate the process of gene coalescence along the
branches of each species tree with variable numbers
of loci and individuals per species; 3) simulate DNA
sequence evolution along these coalescent gene trees;
4) estimate gene trees from DNA sequence data; 5)

estimate species trees from the estimated gene trees;
and 6) assess the accuracy of the estimated species tree
from comparison of the estimated species tree with the
known species tree from step 1. The degree of discord
between a single gene tree and the underlying species
tree depends on both the time since divergence and
population size; thus, we standardize time in terms
of coalescent units (t/N), where t = generations and
N = population size. Divergence was simulated at 2
time depths (1N and 10N), corresponding to high and
moderate levels of incomplete lineage sorting, respectively. Because we were interested in how sampling
effort and sampling design affected the ability to reconstruct the true species tree, we generated sets of data
with different overall number and ratios of loci and
individuals (see below).
We began by simulating 500 species trees, each with
8 species. Each tree topology was generated at time
depth 1N and 10N for a total of 1000 species trees. The
topology and branch lengths were randomly generated
under a uniform speciation (Yule) model in Mesquite
(Maddison and Maddison 2004). Gene coalescence was
simulated along the branches of the 500 species trees
under a neutral coalescence model implemented with
the program MS (Hudson 2002). For each of the 2 time
depths, 12 data sets were created with different ratios of
individuals to loci (individuals:loci = 1:1, 1:3, 1:9, 1:27,
1:50, 3:1, 3:3, 3:9, 9:1, 9:3, 27:1, 50:1). DNA sequences
were generated by simulating molecular evolution
along the branches of the coalescent gene trees using
Seq-Gen (Rambaut and Grassly 1997). Sequences of 1000
base pairs were generated under an HKY85 model of
nucleotide substitution with a transition–transversion
ratio of 3.0, a gamma distribution with 4 categories, and
a shape parameter of 0.8, assigning base pair states with
the probability 0.3 A, 0.2 C, 0.3 T, 0.2 G.
Maximum likelihood gene trees were estimated from
the simulated DNA sequences using genetic algorithm for rapid likelihood inference (GARLI) version
0.951 (Zwickl 2006) available at http://www.bio.utexas.
edu/faculty/antisense/garli/Garli.html. GARLI analyses were conducted specifying the HKY85 model family
(6 substitution rate categories) with gamma rate categories set to 4, and base pair state frequencies and the
number of invariant sites estimated by the program.
Maximum-likelihood trees were selected after 10,000
generations if no signiﬁcant improvement in likelihood
was observed, with the signiﬁcant topological improvement level set at 0.01 (ﬁrst condition for termination);
the ﬁnal solution was selected when the total improvement in the likelihood score was <0.05 compared with
the last solution obtained (second condition for termination). All other GARLI settings involved in the genetic
algorithm were default values, per recommendations of
the developer (Zwickl 2006). Estimated gene trees were
midpoint rooted and converted to ultrametric trees in
PAUP* (Swofford 2000) for further species tree analysis.
The most likely species tree was calculated analytically with the program STEM, version 1.01 (Kubatko
et al. 2009); θ was set to 0.01 to match the θ under which
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2005; Liu and Pearl 2007; Kubatko et al. 2009). Insofar as
they have been tested, these methods have been shown
to provide accurate estimates of species trees (Edwards
et al. 2007; Liu and Pearl 2007). However, they have thus
far been applied only to a limited number of divergence
scenarios because of computational constraints and
have not addressed the truly challenging situation of
recent rapid divergence, as occurs during evolutionary
radiations.
Here, we test a recently developed method for obtaining maximum-likelihood estimates of species trees
(Kubatko et al. 2009) from phylogenies representing
the most difﬁcult divergence scenarios to infer-recent
radiations with widespread incomplete lineage sorting.
Instead of exploring one or a few divergence scenarios, we explore 1000 different species trees that cover
a broad spectrum of diversiﬁcation histories where incomplete lineage sorting predominates. The accuracy
of species-tree estimates is examined with respect to
the underlying shape of the species tree (speciﬁcally,
the relative lengths of internal branches) to understand
why the accuracy of the estimates for a given sampling effort and divergence time differs among different
species trees. To evaluate the extent to which the accuracy of species-tree estimates might be increased by
more fully utilizing the information contained in gene
trees (i.e., by incorporating the probability of gene trees
into the estimation procedure), we also compare the
maximum-likelihood method to the summary-statistic
based approach of minimizing the number of deep
coalescents (Maddison and Knowles 2006), which is
also based on coalescent theory, but does not actually
incorporate a model of gene lineage coalescence. Although promising, the summary-statistic approach left
considerable room for improvement, especially for recent divergences where species trees proved difﬁcult to
estimate. More effective use of gene tree information
content could have additional consequences of practical
interest to many biologists. For example, it might effect
the plateau at which the addition of more individuals or loci (i.e., sampling effort) does not improve the
accuracy of species-tree estimates or shift the optimal
allocation of sequencing to more individuals versus loci
or vice versa (i.e., sampling design). We explore these
questions by comparing the accuracy of species-tree estimates from the maximum-likelihood based approach
(Kubatko et al. 2009) under differing sampling efforts
and designs.
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the data were simulated. STEM is a coalescent-based
program that can analytically derive the maximumlikelihood estimate for a species tree (both branch
lengths and topology) given a set of gene trees with
branch length information (Kubatko et al. 2009). Species
trees were also estimated from the estimated gene
trees using the minimize deep coalescence method
(Maddison and Knowles 2006) implemented in Mesquite
(Maddison and Maddison 2004). This method heuristically searches tree space for the species tree topology
that minimizes the number of times gene coalescence
occurs prior to speciation (i.e., deep coalescence). Given
that a primary focus of phylogenetic studies is to recover
the relationship between species (i.e., species-tree topology), accuracy was assessed by calculating topological
similarity between the original species tree with the estimated species tree using TreeDist (part of the PHYLIP
statistical package [Felsenstein 1993] via symmetric distance [Robinson and Foulds 1981]). Symmetric distance
for rooted trees assesses the number of clades found in 1
tree, but not the other, with lower accuracy indicated by
scores increasing in intervals of 2, from zero (=all clades
the same) to twice the number of internal branches
(=12 for rooted tree with 8 terminal taxa). This accuracy

metric was converted to a proportion with 1.0 as the
most accurate score.
Regression analysis was used to investigate how the
accuracy of species-tree estimates was inﬂuenced by the
underlying shape of the species tree. The standard deviation (SD) of branch lengths in the original species trees
was used as a metric to characterize species-tree shape.
Because all species trees were the same total depth, the
SD is expected to be greater for trees with many short
internodes and a few long branches (rapid radiation)
compared with trees with speciation events at regular
time intervals.
R ESULTS AND D ISCUSSION
Our results show that for the recent and rapid divergence scenarios we examined (i) the accuracy of
species-tree estimates depends on the shape of the underlying evolutionary history and (ii) explicit consideration of the probability of deep coalescence in the
estimation procedure provides an improvement over
a method that relies on summary statistics, although
some species histories are especially challenging and
are not correctly estimated.
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FIGURE 1. Conceptual design for evaluating the accuracy of estimated species trees. a) Species trees were simulated through a random
speciation process. b) Gene coalescence (dotted lines) was simulated within the branches of each species tree for variable numbers of individuals
and loci. Two loci are illustrated with 1 individual per species showing some coalescence events (circles), which results in c) coalescent gene
trees whose topologies do not match the species tree. d) DNA sequences were simulated along the branches of the coalescent gene trees.
e) Maximum likelihood gene trees were estimated for each locus from the nucleotide data. f) Species trees were estimated from the estimated
gene trees by minimizing deep coalescence or calculating a maximum-likelihood species trees; results were compared with the known species
tree from (a).
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Factors Inﬂuencing the Accuracy of Species-Tree Estimates
Very high levels of incomplete lineage sorting characterized the species histories we studied, which resulted
in considerable genealogical discord among loci, as
well as pervasive deep coalescence for any given locus
(Fig. 2). Such genealogical discord was expected given
the exceedingly high rate of speciation we were modeling, which was equivalent to 1 lineage originating every
12,500 or every 125,000 years, respectively, for the 1N
and 10N total species-tree depths, assuming an effective
population size of 100,000 individuals and a generation
time of 1 year. This speciation rate corresponds to a
net diversiﬁcation interval (NDI) of 0.05 and 0.5 for the
simulated species trees at 1N and 10N total tree depth,
respectively. This range is within the magnitude of NDIs
of some of the most impressive empirical examples of
evolutionary radiations, including the African cichlids
from Lake Malawi (NDI = 0.1–0.3), Galápagos ﬁnches
(NDI = 0.8–1.1), and Hawaiian silverswords (NDI = 1.8)
(see table 12.1, Coyne and Orr 2004, and the references
therein). The overall rate of speciation (i.e., the number
of species per total tree depth) had an obvious effect
on the accuracy of species-tree estimates (i.e., accuracy
scores at 10N were always higher than those at 1N)
(Fig. 3). However, there was also considerable variation among the species trees simulated within each tree
depth (Table 1), indicating that the shape of the species
tree (i.e., the relative lengths of internal branches) inﬂuenced the accuracy of its estimation (Fig. 4). Lastly, the
method itself also had a clear impact on the accuracy
of the species-tree estimates. In general, irrespective of

FIGURE 3. Change in tree accuracy with sampling effort for recent
(1N) and older (10N) divergence (averages and standard errors for
the multiple simulated data sets are shown). For both time depths,
steep gains are made in tree accuracy up to 9 individuals and/or loci
after which accuracy plateaus. For recent divergence, a higher ratio
of individuals to loci results in more accurate species trees, whereas
for older divergence, more loci compared with individuals, results in
higher accuracy (positive vs. negative slopes for dotted lines in 1N vs.
10N, respectively).

sampling effort and design (exceptions are discussed
below), maximum-likelihood estimates were more accurate than those based on minimizing the number of
deep coalescents (Table 1).
Divergence history’s impact on species tree estimates.—
Results from STEM clearly show that it is not only
the recency of speciation but also the relative timing of
species divergence (i.e., lengths of internal branches)
that determines whether a species tree is accurately
estimated. Within a particular sampling effort and design, the accuracy of the species tree estimates shows a
wide range across the 500 simulated histories (as illustrated by the interquartile ranges, Table 1). Species trees
with a high SD of branch lengths (indicative of many
short internal branches) were less accurate; this metric alone explained a sizeable portion of the variance
in accuracy scores (Fig. 4). The fact that this relationship varied little across sampling designs for the older
species divergence times of 10N (i.e., similar slopes for
each sampling design; solid lines in Fig. 5) highlights
the inherent difﬁculty of obtaining accurate estimates
of species relationships for some species trees, and no
doubt contributes to the observed plateau in accuracy
scores with increasing sampling effort (Fig. 3). However, for the shallower species divergence histories of
1N, there is a pronounced effect of sampling design on
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FIGURE 2. Discordant gene trees estimated from DNA sequence
data from 3 loci simulated from 1 of the 500 starting species trees. In
this example, each of the 8 species is represented by 3 individuals; gray
lines identify monophyletic clades in the gene tree. At 1N, only in one
instance do the individuals of a species form a clade, whereas at 10N,
incomplete lineage sorting was less severe. Nevertheless, STEM estimated the species tree for this replicate with relatively high accuracy
at 1N (0.67) and 10N (0.83).
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TABLE 1. Average accuracy of species tree estimates for the 500 different evolutionary histories under the maximum-likelihood procedure
and summary-statistic approach of minimizing deep coalescence for differing sampling efforts and sampling designs
Time depth

Total sampling
effort

Individuals

Loci

1N

Maximum-likelihood
species treea

the relationship between accuracy and the underlying
species divergence history (i.e., the slope of the relationship changes from one design to another in Fig. 5). These
results conﬁrm the ﬁndings of Maddison and Knowles
(2006) that for recent histories, sample design, and in
particular, increasing the number of individuals, as opposed to loci, can signiﬁcantly improve the accuracy
of species-tree estimates. Our results further indicate
that this difference in slope reﬂects the increased accuracy of estimates for species trees with longer internal

FIGURE 4. Negative relationship between SD of branch length and
accuracy of species-tree estimation; simulated data sets for the recent
(1N) and older (10N) divergence are shown by open and closed circles, respectively. Original species trees with short internodes (high SD
of branch lengths) are harder to estimate accurately compared with
those with more equivalent branch lengths.

0.15 (0.00–0.17)
0.19 (0.00–0.33)
0.27 (0.17–0.33)
0.35 (0.17–0.50)
0.38 (0.17–0.50)
0.35 (0.17–0.50)
0.53 (0.33–0.67)
0.68 (0.50–0.83)
0.58 (0.50–0.67)
0.73 (0.67–0.83)
0.68 (0.50–0.83)
0.69 (0.50–0.83)c
0.49 (0.33–0.67)
0.56 (0.33–0.67)
0.59 (0.50–0.67)
0.60 (0.50–0.67)
0.60 (0.50–0.67)
0.57 (0.50–0.67)
0.68 (0.50–0.83)
0.75 (0.67–0.83)
0.63 (0.50–0.83)
0.73 (0.67–0.83)
0.64 (0.50–0.83)
0.64 (0.50–0.83)d

branches (for dashed lines, the difference is mainly in
the position of the y-intercept in these plots; Fig. 5). In
contrast, the accuracy of species trees with a high SD
of branch lengths (indicative of many short internal
branches) remains low, despite shifts in sampling effort
and design.
Methodological inﬂuence on species-tree estimates.—The
procedure used to estimate a species tree has a signiﬁcant impact on the accuracy of the inference (Table 1),
validating the theoretical prediction that explicit incorporation of a model of gene coalescence should improve
species-tree estimation (Felsenstein 1993; Maddison
1997). Although the magnitude of this effect differs
depending on the details of the species history and particular sampling design and effort, the impact of the
procedure on the accuracy of a species-tree estimate
can be substantial. For example, the relative increase in
accuracy achieved by using the maximum-likelihood
procedure implemented in STEM (Kubatko 2008) compared with the summary statistic approach of minimizing the number of deep coalescent implemented
in Mesquite (Maddison and Maddison 2004) is similar to the gains in accuracy achieved by increasing the
sampling effort from 1 to 27 gene copies per species
(Table 1). Such gains in accuracy highlight how computational improvements can rival, and perhaps surpass,
the increases in accuracy that can be achieved by modifying the sampling effort and design of a study, which
has been the subject of previous work (Tajima 1983;
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1
1
1
0.16 (0.00–0.33)
3
1
3
0.34 (0.17–0.50)
9
1
9
0.47 (0.33–0.67)
27
1
27
0.52 (0.33–0.67)
50
1
50
0.49 (0.33–0.67)
3
3
1
0.43 (0.33–0.67)
9
3
3
0.55 (0.33–0.67)
27
3
9
0.56 (0.33–0.83)
9
9
1
0.58 (0.33–0.83)
27
9
3
0.58 (0.50–0.67)
27
27
1
0.57 (0.33–0.67)
50
50
1
0.56 (0.33–0.67)b
10N
1
1
1
0.67 (0.50–0.83)
3
1
3
0.80 (0.67–1.00)
9
1
9
0.86 (0.83–1.00)
27
1
27
0.87 (0.83–1.00)
50
1
50
0.88 (0.83–1.00)
3
3
1
0.75 (0.67–0.83)
9
3
3
0.84 (0.83–1.00)
27
3
9
0.87 (0.83–1.00)
9
9
1
0.79 (0.67–1.00)
27
9
3
0.87 (0.83–1.00)
27
27
1
0.79 (0.67–0.83)
50
50
1
0.78 (0.67–0.83)
a Average accuracy score with interquartile range (25–75th percentile) in parentheses.
b Calculated from 470 species trees.
c Calculated from 167 species trees due to computational time.
d Calculated from 214 species trees due to computational time.

Minimizing deep coalescence a
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Takahata and Nei 1985; Pamilo and Nei 1988; Maddison
and Knowles 2006; Carstens and Knowles 2007;
Edwards et al. 2007; Knowles and Chan 2008).
The gains in accuracy afforded by the maximumlikelihood approach, while impressive, did not mean
that species relationships were always accurately estimated. At 1N, accuracy ranged from 0.16 to 0.58, and at
10N, accuracy ranged from 0.67 to 0.87, with accuracy
generally increasing with sampling effort until reaching a plateau between 9 and 27 individuals and/or loci
(Fig. 3). Nevertheless, for many of the species histories and sampling efforts and designs, the maximumlikelihood estimation procedure is quite accurate. For
example, an accuracy score of 0.67 in this case corresponds to the misplacement of a single species (moving
it from 1 clade to another).
Although there is a general increase in the accuracy of
species-tree estimates with increased sampling effort for
both estimation procedures for 10N (Table 1), sampling
design had a greater inﬂuence using the maximumlikelihood approach. This contrasts with the minimal
effect sampling design has on species tree accuracy
for older species divergences based on the summarystatistic approach (see Fig. 5, Maddison and Knowles
2006). Another interesting contrast in performance
between the methods is where the summary-statistic
approach apparently out-performs the maximumlikelihood approach. This involves shallow species trees
of depth 1N and an increased allocation of sampling
effort to individuals rather than loci. For example, for
a total sampling effort of 27 gene copies per species,
when more than 1 individual per species is sampled
(e.g., 3 individuals and 9 loci, 9 individuals and 3 loci,
and 27 individuals and 1 locus), the accuracy of the
maximum-likelihood estimates was lower than those

based on minimizing the number of deep coalescents
but only for the more recent species tree depth of 1N
(Table 1). Because the summary-statistic approach relies on the pattern of deep coalescence as information
for inferring species relationships, it is not surprising that the method does not perform as well as the
maximum-likelihood approach for the deeper species
trees (i.e., 10N). As the amount of incomplete lineage
sorting decreases, as expected with older species divergence times, the information content relevant to a
method based on minimizing the number of deep coalescents is necessarily also decreasing (Maddison and
Knowles 2006; Knowles and Chan 2008). However, why
the maximum-likelihood estimates do not exhibit proportional increases in accuracy at 1N when the sampling
effort shifts from 9 to 27 gene copies and multiple individuals are sampled is less clear and warrants further
investigation (see below).
Intractable Histories versus Methodological Shortcomings
Short internodes are expected to exacerbate the difﬁculties that mutational and coalescent stochasticity can
pose for the accurate estimation of species relationships
(Takahata and Nei 1985; Pamilo and Nei 1988; Kubatko
and Degnan 2007). In the most extreme case, it is even
possible that the most likely gene tree topology will not
match the true species trees (i.e., anomolous gene trees,
AGTs; Degnan and Rosenberg 2006). Without an analytical solution for the maximum branch length generating
AGTs in a species trees with 8 taxa, it is not clear how
much AGTs might contribute to inaccurate species-tree
estimates in this case. However, a recent study that examines the prevalence of AGTs for estimated gene trees
indicates that although AGTs are theoretically possible,
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FIGURE 5. The effect of sampling design on the relationship between the standard deviation (SD) of branch lengths and accuracy of speciestree estimation. Among different sampling designs, there is a consistent negative relationship between the shape of the species trees and the
accuracy at 10N (solid line); however, at 1N (dotted line), the relationship changes depending on sampling design, with gains usually achieved
in species trees with low SD of branch lengths (i.e., relatively long internal branches).
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C ONCLUSIONS
Recent developments in phylogenetics have opened
the door to a suite of methods that represent a fundamental shift in how we go about reconstructing species
histories. Discord among gene trees, once an intractable
problem, is now widely understood as a natural biological phenomenon (explained by the coalescent;
Kingman 1982), and as such, can be explicitly incorporated into the estimation procedure (Maddison and

Knowles 2006), similar to the process of mutation
(Felsenstein 2004). Attention is now focused on how
to extract the information content of multiple discordant gene histories (Degnan and Salter 2005; Carstens
and Knowles 2007; Edwards et al. 2007; Knowles and
Carstens 2007; Kubatko and Degnan 2007; Liu and Pearl
2007). Here, we show that the maximum-likelihood
species tree calculated in STEM (Kubatko et al. 2009)
can offer substantial improvements in accuracy compared with a summary-statistic approach that minimizes the number of deep coalescents (Maddison and
Knowles 2006). By examining a broad array of species
histories, as opposed to focusing on the accuracy of
species-tree estimates for a few case histories (Carstens
and Knowles 2007; Liu and Pearl 2007), we are able to
demonstrate both the general feasibility and possible
limits of obtaining accurate species-tree estimates, as
well as properties of the species trees that make them
difﬁcult to estimate. Our results highlight the incredible
promise of approaches for estimating species trees, including those species histories that defy analysis under
traditional phylogenetic analysis because of widespread
incomplete lineage sorting. Yet, species histories marked
by recent rapid radiation continue to pose a major challenge. Although these new methods are beginning to be
applied to empirical questions (Carstens and Knowles
2007;
Edwards et al. 2007; Knowles and Carstens 2007; Belﬁore
et al. 2008; Brumﬁeld et al. 2008; Carling and Brumﬁeld
2008; Liu et al. 2008; Niemiller et al. 2008), sensitivity to
aspects of the species divergence history and sampling
design highlight the need for more study to understand
how the accuracy of species-tree estimates might be
improved.
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they are unlikely to pose a signiﬁcant danger to empirical phylogenetic study (Huang and Knowles 2009).
Speciﬁcally, when both mutational and coalescent variance are taken into account, as done in this study (i.e.,
analyses are based on estimated gene trees, rather than
coalescent gene trees), polytomies (i.e., unresolved estimated gene trees)—not AGTs—predominate within the
zone of species tree branch lengths where AGTs are possible (Huang and Knowles 2009).
Although the 2 methods explored here explicitly consider coalescent stochasticity, neither takes into account
uncertainty in gene tree estimation, as do some other
approaches (e.g., Liu and Pearl 2007). Therefore, it is
possible that the accuracy could be improved upon by
considering this additional source of variance. However, the increased computational demands of such
approaches (e.g., species tree estimates from the program BEST; Liu and Pearl 2007) limit exploration of
a broad spectrum of species histories and sampling
strategies, as we have examined here. Without such
analyses, the boundary between intractable history and
possible methodological shortcomings remains an open
question.
It is worth noting the disproportionately small gains
in accuracy with increased sampling for the older
species divergences of 10N compared with 1N (Fig. 3).
For example, despite a doubling of sampling effort to
50 loci for the older species divergences (10N), the improvement (if any) over 27 loci was negligible (Table 1).
This pattern highlights one of the inherent challenges to
increasing the accuracy of species-tree estimates (i.e., it
is not likely to reﬂect the failure of methods to consider
errors in the gene tree estimates). Likewise, the lack of
an increase in accuracy when the sampling effort shifts
from 9 to 27 gene copies when multiple individuals
are sampled (Table 1) for both recent (1N) and older
divergences (10N) with the maximum-likelihood approach hints at other possible pitfalls. With increased
sampling, the number of possible gene tree topologies
increases dramatically (Felsenstein 2004). Without sufﬁcient mutations, the potential information contained
in the pattern of gene lineage coalescence with additional sampling will be lost. Additional studies that
consider the stochasticity of not only the coalescent (e.g.,
Degnan and Rosenberg 2006; Liu and Pearl 2007) but
also mutation are needed to resolve such enigmatic effects of sampling design on the accuracy of species-tree
estimates.
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