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Coalescent-based methods for species-tree estimation are becoming a dominant approach for reconstruct-
ing species histories from multi-locus data, with most of the studies examining these methodologies
focused on recently diverged species. However, deeper phylogenies, such as the datasets that comprise
many Tree of Life (ToL) studies, also exhibit gene-tree discordance. This discord may also arise from the
stochastic sorting of gene lineages during the speciation process (i.e., reflecting the random coalescence
of gene lineages in ancestral populations). It remains unknown whether guidelines regarding methodol-
ogies and numbers of loci established by simulation studies at shallow tree depths translate into accurate
species relationships for deeper phylogenetic histories. We address this knowledge gap and specifically
identify the challenges and limitations of species-tree methods that account for coalescent variance for
deeper phylogenies. Using simulated data with characteristics informed by empirical studies, we evaluate
both the accuracy of estimated species trees and the characteristics associated with recalcitrant nodes,
with a specific focus on whether coalescent variance is generally responsible for the lack of resolution.
By determining the proportion of coalescent genealogies that support a particular node, we demonstrate
that (1) species-tree methods account for coalescent variance at deep nodes and (2) mutational variance –
not gene-tree discord arising from the coalescent – posed the primary challenge for accurate reconstruc-
tion across the tree. For example, many nodes were accurately resolved despite predicted discord from the
random coalescence of gene lineages and nodes with poor support were distributed across a range of
depths (i.e., they were not restricted to a particular recent divergences). Given their broad taxonomic
scope and large sampling of taxa, deep level phylogenies pose several potential methodological complica-
tions including difficulties with MCMC convergence and estimation of requisite population genetic param-
eters for coalescent-based approaches. Despite these difficulties, the findings generally support the utility
of species-tree analyses for the estimation of species relationships throughout the ToL. We discuss strat-
egies for successful application of species-tree approaches to deep phylogenies.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Coalescent methods for species-tree estimation are becoming a
dominant approach for reconstructing species histories from
multi-locus data for recently diverged species (Edwards, 2009;
Knowles and Kubatko, 2010). These approaches bring together
multiple loci in frameworks that accommodate many of the
processes that generate discord among loci, as opposed to making
the incorrect assumption that all loci have the same corresponding
genealogy. For example, most combine models of nucleotide evolu-
tion with modes of gene-lineage coalescence. Most of the work on
species-tree approaches that indicates that they are effective has
been focused on recent species histories (Carstens and Knowles,
2007; Eckert and Carstens, 2008; Knowles et al., 2012; Leache
and Rannala, 2010; McCormack et al., 2011), where incompletely
sorted gene lineages are readily apparent when multiple individu-
als are sequenced per species. However, recent phylogenetic
histories represent only a small fraction of total biodiversity and
systematic questions of interest. It is critical to understand if the
‘best practice guidelines’ for combing multi-locus data in a species
tree framework still apply as we move towards resolving the older
branches in the Tree of Life. Should coalescent-based methods for
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species-tree estimation be used for deeper species histories, and do
they provide resolution for the recalcitrant nodes identified from
analyses of concatenated datasets?

Most published Tree of Life (ToL) studies fall into the realm of
deep species histories, and therefore, outside the conditions that
have been extensively explored in evaluations of species-tree
approaches. To date, ToL studies have been conducted under the
tradition of analyzing a concatenated dataset. Even when such
datasets use partitions (Bull et al., 1993) to account for differences
in the underlying nucleotide model among loci, by concatenating
data and estimating a phylogenetic tree for the combined loci, dif-
ferences in the genealogical history across loci are not taken into
account (i.e., the model of evolution used to estimate phylogenetic
relationships may be violated; see below). Typical ToL phyloge-
netic analyses are multilocus, with 6–20 loci sequenced. These
studies often focus on higher-order relationships among taxa using
an exemplar taxon-sampling scheme focused on sampling genus,
family, or ordinal level data as opposed to the large-scale phyloge-
netic studies based on thousands of taxa (e.g., Rabosky et al., 2013;
Smith et al., 2010).

As with many phylogenetic studies, ToL studies are character-
ized by a mix of highly supported resolved nodes and unresolved
nodes (Table 1), which we refer to as recalcitrant nodes given that
multilocus analyses have not provided phylogenetic resolution
(albeit, under the traditional paradigm of concatenating the data-
sets; Whitfield and Lockhart, 2007). This dichotomy between
resolved versus recalcitrant nodes could be suggestive of two fun-
damentally different processes. The differences in resolution across
ToL studies could mirror the actual underlying history of species
diversification. That is, the resolved nodes may correspond to those
branches with relatively long speciation intervals (i.e., the time
separating divergence events is long), whereas recalcitrant nodes
reflect relative short speciation intervals. Although not entirely
unrelated (i.e., short internodes are characterized by limited
informative mutations because mutations accumulation is
proportional to time, t, at rate lt, where l is the mutation rate),
differences in the resolution of nodes could alternatively reflect
limited phylogenetic information and/or errors. This distinction is
important. In addition to having implications for the types of
Table 1
Number of markers, deepest node, and number of potentially unresolved nodes (PRN;
based on nodal support values) from exemplar Tree of Life studies.

Taxonomic group Markers Deepest node PRN

Serpentes 20 nuDNA1 125 mya2 131

Aves 19 nuDNA3 110 mya2 483

Eudicots–Saxifragales 4 mtDNA4 100 mya4 14

10 cpDNA4

2 nuDNA4

Mammals–Eutherian mammals 3 mtDNA5 80 mya6 45

19 nuDNA5

Ants–Attine ants 4 nuDNA9 73–94 mya2,9 209

Diptera–Drosophilidae 4 mtDNA7 62.2 mya2 557

9 nuDNA7

Teleosts–Parrotfish 3 mtDNA8 55 mya8 78

5 nuDNA8

Gymnosperms–Ephedra 1 mtDNA10 30 mya10 3610

6 cpDNA10

3 nuDNA10

1 Wiens et al. (2008).
2 Hedges et al. (2006).
3 Hackett et al. (2008).
4 Jian et al. (2008).
5 Springer et al. (2003).
6 Springer et al. (2007).
7 van Der Linde et al. (2010).
8 Smith et al. (2008).
9 Schultz and Brady (2008).

10 Ickert-Bond et al. (2009).
species tree analyses that would be more or less appropriate (see
Huang et al., 2014; Knowles et al., 2012), the challenges these
two processes impose on accurate phylogenetic estimation, as well
as the possible solutions, are not the same (see below).

Some findings from analyses of ‘shallow’ phylogenetic histories
may be useful for predicting the reconstructability of deeper histo-
ries. Simulations clearly demonstrate that phylogenetic signal can
be extracted from discordant gene trees – that is, gene tree discord
itself does not necessarily imply that relationships cannot be accu-
rately estimated (Maddison and Knowles, 2006). They also estab-
lish the importance of multilocus data from independent loci,
and the number of loci required for accurate phylogenetic estima-
tion depends upon the actual history of divergence itself
(McCormack et al., 2009) debunking proposals about general rules
of sampling for species tree estimation (see Knowles and Kubatko,
2010). Moreover, by parsing of the effects of coalescent versus
mutational variance, Huang et al. (2010) identify the different chal-
lenges posed by incomplete lineage sorting (referred to as coales-
cent variance) versus limited phylogenetic signal for accurately
reconstructing a gene tree (referred to as mutational variance).
Contending with coalescent variance requires applications that
model gene-tree discord. Contending with mutational variance
requires careful attention to models of nucleotide substitution, as
well as consideration of the selection of loci, considering quality
versus quantity (Lanier et al., 2014).

Here we build upon past studies on the application of species-
tree approaches and factors that affect their accuracy by extending
the investigation to encompass deep phylogenetic histories. We
also focus on the two sources of gene-tree discord – coalescent ver-
sus mutational – to better understanding their implications for
deep level phylogenetics, such as ToL projects, because of potential
differences in their relative contributions for deep compared to
recent divergence histories. Specifically, a short speciation interval
occurring in the distant past will be more difficult to reconstruct
than an equivalent interval in the present (see Lanier and
Knowles, 2012 Fig. 6) due to the loss of phylogenetic signal by back
mutation. Only loci with high mutation rates are likely to provide
phylogenetic signal on short internodes, but these are the same loci
that will also be subject to high levels of homoplasy. This raises the
question of the relevancy of species-tree approaches for deep
phylogenies if coalescent variance is not a primary contributor to
gene-tree discord. Because species monophyly is expected when
studying deep divergence, multiple loci, not individuals, will
provide phylogenetic information (Knowles and Kubatko, 2010);
without the information contained in the sequencing of multiple
individuals per species for estimating requisite parameters for
coalescent-based methods (e.g., ancestral population size), the
accuracy of species-tree estimates might be impacted. In sum,
despite the theoretical ideals of coalescent methods for species-
tree estimation, can they be applied to accurately reconstruct deep
phylogenetic histories?

2. Materials and methods

One of the difficulties with assessing accuracy of an empirical
estimate of a species tree is that the true evolutionary history
remains unknown. However, if not informed by empirical data,
hypothetical divergence scenarios run the risk of not being infor-
mative about the issues associated with actual data and real histo-
ries. To capture as much of the reality associated with empirical
investigations, and yet be able to evaluate the accuracy of phyloge-
netic estimates, we conducted a simulation study that is motivated
by ToL datasets. Specifically, phylogenetic histories were estimated
for ToL datasets, and then genealogies and sequence data were
simulated under those histories (Fig. 1). Because the simulated
datasets are based on characteristics similar to those in the
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Fig. 1. Conceptual model of simulation approach. (A) Begin with aligned datasets from Tree of Life studies (Table 1), (B) generate a guide tree from phylogenetic analysis of
the ToL datasets for use in simulations, (C) simulate coalescent genealogies along the branches of each guide tree (i.e., genealogies contained within a species tree) and utilize
a parametric bootstrap approach to estimate the number of simulated genealogies supporting each node (i.e., the coalescent variance), (D) simulate mutations along
genealogies to generate simulated nucleotide datasets, (E) estimate a species tree from simulated datasets and compare to the guide tree.

H.C. Lanier, L.L. Knowles / Molecular Phylogenetics and Evolution 83 (2015) 191–199 193
empirical datasets (i.e., mutation rates, population sizes, and
generation times in the simulated data corresponded to empirical
estimates where available; Appendix), we can addresses whether
species-tree approaches are likely to be able to accurately recon-
struct deep species histories. However, the simulation study does
not address whether the phylogenetic estimates derived from the
empirical data are themselves accurate. They are only guide histo-
ries used to approximate the challenges with applying species-tree
approaches to deep species divergences given the types of datasets
typically collected in ToL projects.

Eight different ToL studies across disparate taxa (Table 1) were
studied. Datasets were downloaded from publically available dat-
abases (GenBank, Dryad, or TreeBase). Because of computational
constraints, datasets were trimmed to fewer than 70 terminal taxa,
with major clades represented by individuals with the greatest
number of multilocus published sequence data available. When
sequence availability and clade membership were equivalent, ter-
minal taxa were randomly removed.

2.1. Generation of guide trees and simulation of datasets

Two approaches were used to establish guide trees from the
empirical data from 8 ToL studies used for generating simulated
data: namely, phylogenies estimated from either single loci or from
multilocus data. For guide trees generated from phylogenetic esti-
mates of single loci, phylogenies were reconstructed separately for
each locus and each resulting tree was treated as a separate guide
tree used in the simulations (Fig. 1A and B). These guide trees were
estimated in MrBayes v. 3.2 (Huelsenbeck and Ronquist, 2001)
from runs with a minimum of 10 million generations, sampling
every 1000, and using a model of evolution identified with the cor-
rected Akaike Information Criterion (AIC; Akaike, 1974) in jModel-
Test v. 0.1 (Posada, 2008). Convergence was assessed when the
standard deviation of split frequencies dropped below 0.01; a
burn-in of 1000 generations was removed. The majority-rule con-
sensus tree with all compatible bipartitions was calculated and
used as the guide tree. Because species trees are by definition ultr-
ametric, (i.e., all species lineages extend to the present), branch
lengths were estimated using a molecular clock and outgroup root-
ing in PAUP⁄ (Swofford, 2003) and total tree depth was converted
to coalescent units (N). Uncertainty in these parameters was also
examined by considering replicate simulated datasets. Specifically,
for each guide tree, three coalescent time estimates were calcu-
lated, hereafter low (highest probability of incomplete lineage
sorting), mid, and high (lowest probability of incomplete lineage
sorting) to incorporate a range of coalescent variance in the data
(ranging from 100s to 1000s of coalescent units; see Appendix).
This was done using empirically informed combinations of
estimated basal divergence time, generation time, and effective
population size (see Appendix) to rescale the branch length in N.
Note that gene-tree branch lengths from the empirical studies
themselves were used to determine total tree depth, based upon
published papers (Table 1) or extracted from the TimeTree data-
base (Hedges et al., 2006).

Given that the gene trees of individual loci may deviate more
from the actual history of species divergence, guide trees were also
generated from the joint analysis of the multilocus data. These
guide trees were reconstructed for each taxon group from the mul-
tilocus data (Table 1; Fig. 1A and B) with ⁄BEAST (Heled and
Drummond, 2010), using the locus-specific models of nucleotide
evolution under a molecular clock (as discussed above). Analyses
were run for 50 million to 200 million generations for each mul-
tilocus ToL dataset, and the resulting trees were scaled to coales-
cent units to serve as guide trees for the simulations.

DNA sequences were generated using Seq-Gen (Rambaut and
Grassly, 1997) along genealogies that were simulated under each
guide tree with program ms (Hudson, 2002) (Fig. 1C and D). For
each locus, 1000 bp were simulated under the GTR + I + C model;
note that the GTR + I + C model is one of the most frequently iden-
tified models in phylogenetic systematics. Sequence data were
simulated to emulate the observed variability of empirical data-
sets, by drawing the population scaled mutation rate (h) from a
normal distribution with a mean and variance set to match empir-
ical datasets.

2.2. Evaluating the contribution of coalescent and mutational variance
to gene-tree discord

A parametric bootstrapping approach (PBST; Huang et al., 2014)
was used to estimate the proportion of coalescent genealogies (out
of 1000 simulated genealogies from the program ms; Fig. 1C;
Hudson, 2002) supporting a particular node in guide tree – that
is, to evaluate the degree of discord expected across loci reflecting
the random coalesce of gene lineages (i.e., the coalescent variance).
This measure provides insights into how coalescent variance may
contribute to the lack of phylogenetic resolution observed in ToL
datasets. High coalescent variance, if it is indeed contributing to
the lack of resolution characteristic of recalcitrant nodes, should
co-vary with the degree of nodal support (i.e., posterior probabili-
ties calculated from ⁄BEAST analyses).

To evaluate the extent to which mutational variance (i.e., the
mismatch between an actual coalescent genealogy and the esti-
mated gene tree; see Huang et al., 2014) contributes to recalcitrant
nodes, Robinson–Foulds distances were calculated between the
coalescent genealogies and the estimated gene trees (see also
McVay and Carstens, 2013). Comparisons of posterior parameter
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estimates were conducted using the 95% HPD interval from
⁄BEAST. Posterior probabilities were calculated and compared
between ⁄BEAST analyses for species trees constructed to look at
overall nodal support differences for relationships among taxa
between trees. This represents a best-case scenario for evaluating
the applicability of species-tree approaches to deep phylogenies
because the parameter settings matched those used to simulate
the data, where the model of evolution applied matches the evolu-
tionary model under which species evolved, meaning that issues of
model over- or under-fitting are negligible for this study.

2.3. Estimating species trees for deep phylogenetic histories

Estimates of species trees were derived from the simulated
multilocus datasets in ⁄BEAST v. 1.6.2 (Heled and Drummond,
2010) using 3, 10, 20, and 50 loci with the same model of nucleo-
tide evolution used to simulate the data, a Yule prior, and a con-
stant population size coalescent prior. MCMC analyses were run
from 20 to 500 million generations to ensure effective sample sizes
(ESS) exceeding 100.

Topological accuracy of species-tree estimates for each ToL
dataset was assessed using Robinson–Foulds distance (Robinson
and Foulds, 1981) implemented in treedist, distributed as part of
the Phylip package (Felsenstein, 2005). That is, the estimated
species tree was compared to the guide tree used to generate the
simulated datasets as a measure of the power of the data (i.e.,
the datasets used in ToL studies) to correctly estimate deep phylo-
genetic relationships. For comparisons between trees with differ-
ent numbers of terminal taxa, Robinson–Foulds distances were
converted into percent of nodes accurately estimated.

The general challenges associated with the application of spe-
cies-tree approaches for deep phylogenetic histories were also
characterized. Specifically, the 95% HPD interval from the posterior
parameter estimates from ⁄BEAST was compared across different
sampling designs. Associations between the posterior probability
support for a node and characteristics of the divergence history
were also examined, including associations with the age of a node
and the length of the speciation interval (internode length).

3. Results

3.1. Evaluating coalescent variance

Although most of the nodes within any given ToL dataset are pre-
dicted to be supported by most underlying coalescent genealogies,
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Fig. 2. Some nodes are poorly resolved based on PBST approach at the lowest total tree
tree replicate (columns: first column represents species tree as guide tree other columns
the speciation process differs.
nearly all datasets that we examined exhibited a small to moderate
number of nodes that were poorly resolved based upon coalescent
processes alone (Tables 2 and 3). These poorly resolved nodes—
i.e., nodes from the guide tree that were supported by fewer than
half of the gene trees based on coalescent processes—were greatest
when separately reconstructed genealogies were treated as esti-
mates of the true species history (Fig. 2). The estimates for poorly
resolved nodes in these cases ranged from a low of 1% in the highest
total tree depth in mammals to a high of 50% of nodes at the lowest
total tree depths in birds (Table 2). All species histories contain
nodes that are difficult to resolve only on the basis of coalescent pro-
cesses across all total tree depths (e.g., 4% of nodes within the ants
phylogeny or 2% of nodes within flies). Some of the most frequently
difficult to resolve nodes are in the bird phylogeny – where any-
where from 14% to 50% of nodes were supported by fewer than
50% of coalescent genealogies, and many additional nodes were
supported by fewer than 50–70% of genealogies (Fig. 2). The contri-
bution of coalescent variance was strongly affected by the total tree
depth in most groups (Fig. 2, Appendix), with decreasing coalescent
discord as trees were rescaled to greater total tree depths. The only
exception was the ant phylogeny, where all but one or two nodes
were correctly resolved based on coalescent processes, but those
nodes remained poorly resolved across all total tree depths.

For guide trees generated from joint analysis of multilocus data
with ⁄BEAST, the percentage of nodes that are predicted to be
recalcitrant based on coalescent variance drops considerably
(Table 3; Fig. 2). Nevertheless, the same general trends are appar-
ent as from the simulations generated under guide trees based on
single locus representations of phylogenetic history – birds, snakes,
and parrotfish are predicted to exhibit the greatest contribution of
coalescent discord and Ephedra, Saxifragales, and flies the least.
Likewise, more nodes are predicted to be difficult to resolve at
mid-estimates for total tree depth (see methods) compared with
the highest total tree depths, where all nodes were supported by
75% or more coalescent genealogies. However, those nodes that
were poorly supported at the highest total tree depths were often
supported by fewer than 30% of the genealogies (Appendix, Fig. S2).
Differences in discordance among coalescent genealogies depend-
ing on the input used to generate guide trees (i.e., a single locus
versus multiple loci) was further supported by the Robinson–
Foulds distance – with more genealogies closely matching spe-
cies-trees as guide trees than gene-trees as guide trees (Fig. 3).

When examined on a per-node basis, high coalescent variance
(i.e., low support under the PBST analysis) was not tightly corre-
lated to nodal age (Fig. 4a and c). Nodes that were poorly resolved
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depth. The percentage of gene trees supporting a given node for a different species-
represent gene trees as guide trees) on the basis of gene lineage coalescence during



Table 2
Average percentage of nodes that are poorly resolved (i.e., recovered in fewer than
50% of gene trees) based upon coalescent processes at each of three total tree depths.

Low Middle High

Birds 0.50 0.16 0.14
Saxifragales 0.14 0.09 0.09
Mammals 0.04 0.03 0.01
Snakes 0.24 0.09 0.08
Flies 0.02 0.02 0.02
Parrotfish 0.25 0.16 0.16
Ants 0.04 0.04 0.04
Ephedra 0.24 0.24 0.24

Table 3
Average percentage of nodes that are poorly resolved when the reconstructed species
tree for each group is treated as the true species history.

Supported by < 50% Supported by < 75%

Low Middle High Low Middle High

Birds 0.23 0.02 0 0.40 0.07 0
Saxifragales 0 0 0 0 0 0
Mammals 0 0 0 0.03 0 0
Snakes 0.05 0 0 0.20 0 0
Flies 0 0 0 0 0 0
Parrotfish 0.10 0 0 0.27 0 0
Ants 0 0 0 0.01 0 0
Ephedra 0 0 0 0 0 0
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based on coalescent variance were distributed throughout the
examined histories, occurring anywhere from the recent past to
the deepest points examined in this study. The length of the speci-
ation interval generally provided a better estimate of coalescent
nodal resolution than nodal age, with a longer speciation intervals
often supported by 100% of their respective genealogies (Fig. 4b
and d).
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3.2. Applying species-tree estimation methods to deep phylogenies

Nodal age was not correlated with the posterior probability
support for a node. Posterior probability support for correct nodes
was generally high, and most nodes were highly supported, regard-
less of the age of the given node (Fig. 5a and c). However, the nodes
receiving the lowest support were generally those corresponding
to the shortest speciation intervals (Fig. 5b and d).

In general, deep species trees could be reconstructed with mod-
erate to high accuracy (80–100%) given a moderate amount of data
(i.e., 10–20 loci; Fig. 6). Trees with a low proportion of nodes sus-
ceptible to coalescent variance – such as the fly phylogeny – often
exhibited the highest degree of phylogenetic accuracy – that is to
say that reconstructed species trees most closely matched the true
trees that were used to generate the data. Trees with a greater con-
tribution of coalescent variance, such as the bird ToL datasets, were
less accurately reconstructed, but still exhibited accuracy that ran-
ged from 74% to 89% (i.e., an average of 89% of the topology accu-
rately reflects the known true species tree). Several datasets, such
as the Attine ants, included nodes that may be considered hard
polytomies – difficult to accurately reconstruct despite the amount
of data used in species-tree estimation.

Many nodes that were predicted to be poorly resolved by
coalescent processes (i.e., supported by fewer than 50% of the
coalescent genealogies) were strongly and correctly resolved using
the species-tree approach (Fig. 7). Only a few nodes received high
coalescent support from the PBST analysis and low posterior
probability support; these nodes with low posterior probability
all corresponded to short speciation intervals.

3.3. Estimation of population-level parameters

Parameters from ⁄BEAST related to the total likelihood of popu-
lation sizes under the prior (species.popSizesLikelihood) and the
coalescent (species.coalescent) were consistently the most difficult
to estimate across all analyses, despite adding additional loci or
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increasing the number of generations. In nearly all analyses, ESS for
these two parameters was below 200, and often below 100, indi-
cating a large standard deviation for both of these parameter esti-
mates, although generally the tree likelihood and split population
sizes (population sizes along any given branch of the tree) were
well-sampled based on ESS. Although including more than one
individual per lineage may improve these parameter estimates,
most of the difficulties with estimating these parameters are likely
intractable. However, in most cases for deeper species trees, poor
sampling of the population size likelihood and the coalescent were
not necessarily indicative of species-tree accuracy; however, given
their importance to the model we would strongly caution against
drawing any biological conclusions based upon a model without
adequate parameter sampling for these two parameters.

4. Discussion

4.1. Coalescent versus mutational discordance in ToL data

While the majority of nodes within many deeper level phylog-
enies appear to be robust to coalescent variance, all of the ToL
Coalescent Support (%)
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Fig. 7. The relationship between coalescent resolution (% of coalescent genealogies supp
(a) gene tree as a guide tree and (b) the species tree as a guide tree.
studies we examined were predicted to exhibit a proportion of
nodes that were affected by incomplete lineage sorting during spe-
ciation (Fig. 2; Tables 2 and 3). This leads to two important, and
related, conclusions. First, much of the discord that we observe
in ToL data results from mutational sources rather than coalescent
variance, and therefore, the intense focus on improved mutational
models for these datasets has not been misplaced (Philippe et al.,
2011). This is particularly true when coalescent discordance was
calculated from a true tree based on the reconstructed species tree
(Fig. 2). Second, even though it is a smaller source of variance, coa-
lescent discord cannot be discounted as a potential source of error
in these datasets. Accurate phylogenetic estimates of deep species
trees must consider coalescent processes in addition to mutational
sources of uncertainty. Furthermore, we have shown that species-
tree analyses can be used to produce accurate phylogenetic
estimates (Fig. 6). Even those nodes subject to a high degree of coa-
lescent variance can be accurately reconstructed using species-tree
methods (Fig. 7).

4.2. Evaluating recalcitrant nodes in the ToL

A few nodes were recalcitrant (i.e., poorly resolved) based on
mutational discordance rather than coalescent discordance
(Fig. 6). Although these nodes were supported by more than 50%
of the coalescent genealogies in the PBST analyses, they were cor-
rectly reconstructed in fewer than 50% of the species-trees in the
resulting posterior interval ⁄BEAST analyses (Fig. 7). These nodes
appear to represent short speciation intervals occurring in the dis-
tant past. Although based on both PBST analyses and RF distances
nearly all of the genealogies may have supported these speciation
events, they may have been too brief for the accumulation of
sufficient mutations to accurately estimate gene-trees for individ-
ual loci and/or additional mutations may erode the true phyloge-
netic signal following species divergence when divergence times
are relatively deep. These results suggest the lack of resolution is
therefore not a function of the failure of species-tree approach
(i.e., species-tree methods are not biased for deeper divergences
per se), but instead reflects how the history of divergence itself is
responsible for the recalcitrant nodes observed in empirical ToL
studies (Table 1; Hackett et al., 2008).

4.3. Challenges of applying a coalescent model when population
estimates are limited

Applying species-tree methods to ToL datasets does present a
number of computational challenges. First and foremost, the esti-
mation of population genetic parameters is hampered by the lack
of information in datasets where gene lineages are completely
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sorted within species lineages. In addition, most datasets from ToL
projects utilize sampling of representative taxa from disparate
clades, which will tend to further decrease the probability of
shared polymorphisms, which contain information about ancestral
population sizes. A related challenge encountered when applying
species-tree analyses to ToL datasets is that the number of terminal
taxa in many analyses may be too great to examine with a full
Bayesian approach. We encountered this problem even in
modestly sized datasets. Many of the larger datasets (>40 terminal
taxa and 50 loci) examined in our study were unable to reach
convergence.

Despite these challenges, as our results indicate, the framework
itself still has utility in investigations of ToL given that many nodes
are expected to be associated with gene tree discord. Conse-
quently, failure to account for this discord (e.g., concatenation) will
inevitably involve applying an incorrect model to phylogenetic
estimation, making such estimates potentially suspect (with
regards to topology, branch length estimates and support values;
see Degnan and Salter, 2005; Cranston, 2010; Chung and Ané,
2011). However, some accommodations for the differences in data-
set properties will have to be made. For example, although meth-
ods that fully model gene trees and species trees simultaneously
(⁄BEAST, BEST) may become computationally intractable as phylo-
genetic datasets become larger, methods that summarize some
aspect of the data (e.g., STELLS (Wu, 2011), MDC (Maddison and
Knowles, 2006; Than and Nakhleh, 2009), STAR (Liu et al., 2009)
have been shown to be very accurate at deeper total tree depths
(Knowles et al., 2012). The loss of information associated with
using summaries of the data does come with recognized costs –
namely, the amount of data required to achieve the same level of
accuracy achieved with a full probabilistic modeling approach will
need to be increased, especially when locus information content is
low (Lanier et al., 2014), Alternatively, large datasets can be
divided into more manageable subsets of taxa (see Economo
et al., in press) for analysis in a full probabilistic framework with
priors for population genetic parameters set to specific-values
based on estimates from studies with intraspecific sampling and/
or recently diverged taxa, as opposed to estimating them in a
Bayesian species-tree framework.

5. Conclusions

Ultimately, for deep species tree estimation, as with phylogenic
estimates from more recently diverged species (Knowles et al.,
2012), any single phylogenetic estimate should be treated with
caution. We have demonstrated that although gene trees are likely
to differ based upon coalescent processes alone (Figs. 2 and 3),
additional mutations after speciation will decrease phylogenetic
signal even more (Fig. 7; Lanier and Knowles, 2012). However,
the recalcitrant nodes that result should not be taken as evidence
of the failures or limitations of species-tree approaches, but instead
reflect the inherent challenges that arise from the specifics of the
diversification history itself.

As datasets continue to grow and change (particularly given
new sequencing technologies) we will continue to be forced to
make choices among analyses with recognizable tradeoffs, such
as expediency, accuracy, and computational tractability. It is not
yet clear, especially in the era of big data whether empirical
phylogenetics will return to a philosophy of pattern-based
inference versus a model-based inference. Large phylogenies have
a tremendous potential to be hugely informative for questions in
macroevolution, community phylogenetics, and evolutionary
ecology. However, if the phylogeny employed is incorrect it may
mislead or bias the inference with a high level of statistical signif-
icance (Pagel, 2012). Moreover, the variance across loci, not just
the central tendency, may itself be particular revealing about
evolutionary process (Maddison, 1997). Here we show that
model-based approaches that consider multiple sources of varia-
tion (e.g., mutation and the coalescent) have a place in deep phy-
logenies on the scale of investigations like ToL.
Acknowledgments

We thank Qixin He and Pavil Kilmov for scripting associated
with this project as well as Mark Christie and two anonymous
reviewers who provided helpful suggestions. This work was funded
by the National Science Foundation (DEB 11-18815 to LLK).
Appendix A. Supplementary material

Total tree depths used for data simulation and nodal resolution
based on parametric bootstrap approach for mid and deepest total
tree depths. Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.ympev.
2014.10.022.
References

Akaike, H., 1974. A new look at the statistical model identification. IEEE T. Automat.
Contr. 19, 716–723.

Bull, J.J., Huelsenbeck, J.P., Cunningham, C.W., Swofford, D.L., Waddell, P.J., 1993.
Partitioning and combining data in phylogenetic analysis. Syst. Biol. 42, 384–
397.

Carstens, B.C., Knowles, L.L., 2007. Estimating species phylogeny from gene-tree
probabilities despite incomplete lineage sorting: an example from Melanoplus
grasshoppers. Syst. Biol. 56, 400–411.

Chung, Y.J., Ané, C., 2011. Comparing two Bayesian methods for gene tree/species
tree reconstruction: simulations with incomplete lineage sorting and horizontal
gene transfer. Syst. Biol. 60, 261–275.

Cranston, K.A., 2010. Summarizing gene tree incongruence at multiple phylogenetic
depths. In: Knowles, L.L., Kubatko, L.S. (Eds.), Estimating Species Trees: Practical
and Theoretical Aspects. Wiley-Blackwell, Hoboken (NJ), pp. 129–143.

Degnan, J., Salter, L., 2005. Gene tree distributions under the coalescent process.
Evolution 59, 24–37.

Eckert, A.J., Carstens, B.C., 2008. Does gene flow destroy phylogenetic signal? The
performance of three methods for estimating species phylogenies in the
presence of gene flow. Mol. Phylogenet. Evol. 49, 142–152.

Economo, E.P., Klimov, P., Sarnat, E.M., Guenard, B., Weiser, M.D., Lecroq, B.,
Knowles, L.L., in press. Global phylogenetic structure of a hyperdiverse radiation
reveals the convergent evolution of macroecological patterns. Proc. Royal Soc.
London B.

Edwards, S.V., 2009. Is a new and general theory of molecular systematics
emerging? Evolution 63, 1–19.

Felsenstein, J., 2005. PHYLIP (Phylogeny Inference Package). Distributed by the
Author. Department of Genome Sciences, University of Washington, Seattle.

Hackett, S.J., Kimball, R.T., Reddy, S., Bowie, R.C.K., Braun, E.J., Braun, M.J.,
Chojnowski, J.L., Cox, W.A., Han, K.-L., Harshman, J., Huddleston, C.J., Marks,
B.D., Miglia, K.J., Moore, W.S., Sheldon, F.H., Steadman, D.W., Witt, C.C., Yuri, T.,
2008. A phylogenomic study of birds reveals their evolutionary history. Science
320, 1763–1768.

Hedges, S., Dudley, J., Kumar, S., 2006. TimeTree: a public knowledge-base of
divergence times among organisms. Bioinformatics 22, 2971.

Heled, J., Drummond, A.J., 2010. Bayesian inference of species trees from multilocus
data. Mol. Biol. Evol. 27, 570–580.

Huang, H., He, Q., Kubatko, L., Knowles, L., 2010. Sources of error inherent in
species-tree estimation: Impact of mutational and coalescent effects on
accuracy and implications for choosing among different methods. Syst. Biol.
59, 573–583.

Huang, H., Tran, L.A.P., Knowles, L.L., 2014. Do estimated and actual species
phylogenies match? Evaluation of African cichlid radiations. Mol. Phylogenet.
Evo. 78, 56–65.

Hudson, R.R., 2002. Generating samples under a Wright–Fisher neutral model of
genetic variation. Bioinformatics 18, 247–264.

Huelsenbeck, J.P., Ronquist, F., 2001. MrBayes: Bayesian inference of phylogenetic
trees. Bioinformatics 17, 754–755.

Ickert-Bond, S.M., Rydin, C., Renner, S.S., 2009. A fossil-calibrated relaxed clock for
Ephedra indicates an Oligocene age for the divergence of Asian and New World
clades and Miocene entry into South America. J. Syst. Evol. 47, 444–456.

Jian, S., Soltis, P.S., Gitzendanner, M.A., Moore, M.J., Li, R., Hendry, T.A., Qiu, Y.-L.,
Dhingra, A., Bell, C.D., Soltis, D.E., 2008. Resolving an ancient, rapid radiation in
Saxifragales. Syst. Biol. 57, 38–57.

Knowles, L.L., Kubatko, L.S. (Eds.), 2010. Estimating Species Trees: Practical and
Theoretical Aspects. Wiley and Sons, Hoboken, New Jersey.

http://dx.doi.org/10.1016/j.ympev.2014.10.022
http://dx.doi.org/10.1016/j.ympev.2014.10.022
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0005
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0005
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0010
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0010
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0010
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0015
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0015
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0015
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0020
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0020
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0020
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0025
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0025
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0025
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0030
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0030
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0035
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0035
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0035
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0045
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0045
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0050
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0050
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0055
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0055
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0055
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0055
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0055
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0060
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0060
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0065
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0065
http://refhub.elsevier.com/S1055-7903(14)00382-0/h9005
http://refhub.elsevier.com/S1055-7903(14)00382-0/h9005
http://refhub.elsevier.com/S1055-7903(14)00382-0/h9005
http://refhub.elsevier.com/S1055-7903(14)00382-0/h9005
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0070
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0070
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0070
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0075
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0075
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0080
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0080
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0085
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0085
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0085
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0090
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0090
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0090
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0095
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0095


H.C. Lanier, L.L. Knowles / Molecular Phylogenetics and Evolution 83 (2015) 191–199 199
Knowles, L.L., Lanier, H.C., Kilmov, P., He, Q., 2012. Full modeling versus
summarizing phylogenetic uncertainty: method choice and species-tree
accuracy Mol. Phylogenet. Evol. 65, 501–509.

Lanier, H.C., Knowles, L.L., 2012. Is recombination a problem for species-tree
analyses? Syst. Biol. 61, 691–701.

Lanier, H.C., Huang, H., Knowles, L.L., 2014. How low can you go? The effects of
mutation rate on the accuracy of species-tree estimation. Mol. Phylogenet. Evol.
70, 112–119.

Leache, A.D., Rannala, B., 2010. The accuracy of species tree estimation under
simulation: a comparison of methods. Syst. Biol. 60, 126–137.

Liu, L., Yu, L., Pearl, D.K., Edwards, S.V., 2009. Estimating species phylogenies using
coalescence times among sequences. Syst. Biol. 58, 468–477.

Maddison, W.P., 1997. Gene trees in species trees. Syst. Biol. 46, 523–536.
Maddison, W.P., Knowles, L.L., 2006. Inferring phylogeny despite incomplete lineage

sorting. Syst. Biol. 55, 21–30.
McCormack, J., Huang, H., Knowles, L.L., 2009. Maximum likelihood estimates of

species trees: How accuracy of phylogenetic inference depends upon the
divergence history and sampling design. Syst. Biol. 58, 501–508.

McCormack, J., Heled, J., Delaney, K.S., Peterson, A.T., Knowles, L.L., 2011. Calibrating
divergence times on species trees versus gene trees: implications for speciation
history of Aphelocoma Jays. Evolution 65, 184–202.

McVay, J.D., Carstens, B.C., 2013. Phylogenetic model choice. Justifying a species tree
or concatenation analysis. Phylogenet. Evo. Biol. 1, 1000114.

Pagel, M., 2012. First steps for birds. Nature 491, 337.
Philippe, H., Brinkmann, H., Lavrov, D.V., Littlewood, D.T.J., Manuel, M., Wörheide,

G., Baurain, D., 2011. Resolving difficult phylogenetic questions: why more
sequences are not enough. PLoS Biol. 9, e1000602.

Posada, D., 2008. jModelTest: phylogenetic model averaging. Mol. Biol. Evol., 25.
Rabosky, D.L., Santini, F., Eastman, J., Smith, S.A., Sidlauskas, B., Chang, J., Alfaro,

M.E., 2013. Rates of speciation and morphological evolution are correlated
across the largest vertebrate radiation. Nat. Comm. 4, 1958.

Rambaut, A., Grassly, N.C., 1997. SEQ-GEN: an application for the Monte Carlo
simulation of DNA sequences along phylogenetic trees. Comput. Appl. Biosci.
13, 235–238.
Robinson, D.F., Foulds, L.R., 1981. Comparison of phylogenetic trees. Math. Biosci.
53, 131–147.

Schultz, T., Brady, S., 2008. Major evolutionary transitions in ant agriculture. Proc.
Nat. Acad. Sci. 105, 5435–5440.

Smith, L.L., Fessler, J.L., Alfaro, M.E., Streelman, J.T., Westneat, M.W., 2008.
Phylogenetic relationships and the evolution of regulatory gene sequences in
the parrotfishes. Mol. Phylogenet. Evol. 49, 136–152.

Smith, S.A., Beaulieu, J.M., Donoghue, M.J., 2010. An uncorrelated relaxed-clock
analysis suggests an earlier origin for flowering plants. Proc. Natl. Acad. Sci.
U.S.A. 107, 5897–5902.

Springer, M.S., Murphy, W.J., Eizirik, E., O’Brien, S.J., 2003. Placental mammal
diversification and the cretaceous-tertiary boundary. Proc. Natl. Acad. Sci. U.S.A.
100, 1056–1061.

Springer, M.S., Burk-Herrick, A., Meredith, R., Eizirik, E., Teeling, E., O’Brien, S.J.,
Murphy, W.J., 2007. The adequacy of morphology for reconstructing the early
history of placental mammals. Syst. Biol. 56, 673–684.

Swofford, D.L., 2003. PAUP⁄: Phylogenetic Analysis Using Parsimony (⁄and Other
Methods). Sinaur Associates, Sunderland, MA.

Than, C.V., Nakhleh, L.K., 2009. Species tree inference by minimizing deep
coalescenses. PLoS Comput. Biol. 5, e1000501.

van Der Linde, K., Houle, D., Spicer, G.S., Steppan, S.J., 2010. A supermatrix-based
molecular phylogeny of the family Drosophilidae. Genet. Res. Camb. 92, 25–38.

Whitfield, J.B., Lockhart, P.J., 2007. Deciphering ancient rapid radiations. Trends
Ecol. Evol. 22, 258–265.

Wiens, J.J., Kuczynski, C.A., Smith, S.A., Mulcahy, D., Sites, J.W., Townsend, T.M.,
Reeder, T.W., 2008. Branch lengths, support, and congruence. Testing the
phylogenomic approach with 20 nuclear loci in snakes. Syst. Biol. 57, 420–431.

Wu, Y., 2011. Coalescent-based species tree inference from gene tree topologies
under incomplete lineage sorting by maximum likelihood. Evolution 66, 763–
775.

http://refhub.elsevier.com/S1055-7903(14)00382-0/h0100
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0100
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0100
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0105
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0105
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0110
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0110
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0110
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0115
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0115
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0120
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0120
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0125
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0130
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0130
http://refhub.elsevier.com/S1055-7903(14)00382-0/h9010
http://refhub.elsevier.com/S1055-7903(14)00382-0/h9010
http://refhub.elsevier.com/S1055-7903(14)00382-0/h9010
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0135
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0135
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0135
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0140
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0140
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0145
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0150
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0150
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0150
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0155
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0160
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0160
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0160
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0165
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0165
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0165
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0170
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0170
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0175
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0175
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0180
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0180
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0180
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0185
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0185
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0185
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0190
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0190
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0190
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0195
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0195
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0195
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0200
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0200
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0200
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0200
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0205
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0205
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0210
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0210
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0215
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0215
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0220
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0220
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0220
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0225
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0225
http://refhub.elsevier.com/S1055-7903(14)00382-0/h0225

	Applying species-tree analyses to deep phylogenetic histories: Challenges and potential suggested from a survey of empirical phylogenetic studies
	1 Introduction
	2 Materials and methods
	2.1 Generation of guide trees and simulation of datasets
	2.2 Evaluating the contribution of coalescent and mutational variance to gene-tree discord
	2.3 Estimating species trees for deep phylogenetic histories

	3 Results
	3.1 Evaluating coalescent variance
	3.2 Applying species-tree estimation methods to deep phylogenies
	3.3 Estimation of population-level parameters

	4 Discussion
	4.1 Coalescent versus mutational discordance in ToL data
	4.2 Evaluating recalcitrant nodes in the ToL
	4.3 Challenges of applying a coalescent model when population estimates are limited

	5 Conclusions
	Acknowledgments
	Appendix A Supplementary material
	References


