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A B S T R A C T

In summary (“two-step”) coalescent analyses of empirical data, researchers typically apply the bootstrap to
quantify branch support for clades inferred on the optimal species tree. We tested whether site-wise bootstrap
analyses provide consistently more conservative support than gene-wise bootstrap analyses. We did so using data
from three empirical phylogenomic studies and employed four coalescent methods (ASTRAL, MP-EST, NJst, and
STAR). We demonstrate that application of site-wise bootstrapping generally resulted in gene-trees with sub-
stantial additional conflicts relative to the original data and this approach therefore cannot be relied upon to
provide conservative support. Instead the site-wise bootstrap can provide high support for apparently incorrect
clades. We provide a script (https://github.com/dbsloan/msc_tree_resampling) that implements gene-wise re-
sampling, using either the bootstrap or the jackknife, for use with ASTRAL, MP-EST, NJst, and STAR. We de-
monstrate that the gene-wise bootstrap outperformed the site-wise bootstrap for the primary focal clades for all
four coalescent methods that were applied to all three empirical studies. For summary coalescent analyses we
suggest that gene-wise resampling support should be favored over gene+ site or site-wise resampling when
numerous genes are sampled because site-wise resampling causes substantially greater gene-tree-estimation
error.

1. Introduction

Summary (“two-step”) coalescent analyses infer the species (phy-
logenetic) tree from independently estimated gene trees rather than
simultaneously inferring gene trees with the species tree. Researchers
who use these methods typically apply the bootstrap (Felsenstein,
1985) to quantify branch support for clades inferred on the optimal
species tree. There is heterogeneity in how bootstrapping has been
implemented in these analyses (Fig. 1). Some authors apply the boot-
strap within loci (i.e., site-wise bootstrap) but not among loci (e.g.,
Mirarab and Warnow, 2015; Linkem et al., 2016), whereas others im-
plement the multilocus bootstrap method (Seo et al., 2005; Seo, 2008),
in which bootstrap resampling is conducted at the level of both sites
within genes as well as among genes (e.g., Song et al., 2012; Xi et al.,
2014).

Incorporating site-wise resampling in summary coalescent analyses
is fundamentally different from resampling sites in a traditional con-
catenation context. In concatenation, sites from all genes in the

supermatrix are resampled, trees are inferred from the resampled da-
tasets, and then the topological results from the different pseudor-
eplicates are summarized in a majority-rule consensus tree. By contrast,
in a summary-coalescent context, sites within a particular gene are
resampled, gene trees are inferred from the resampled sites, sets of
bootstrapped gene trees are then used to infer species trees, and the
species trees from the different pseudoreplicates are summarized in a
majority-rule consensus tree. Hence there is a novel opportunity for
topological error to be incorporated into coalescent resampling that is
not applicable to traditional concatenation resampling. Even if a given
summary coalescent method is statistically consistent when supplied
with topologically accurate gene trees, the method may still be statis-
tically inconsistent when it is applied to gene trees that have topological
errors (Roch and Warnow, 2015), as may be caused by bootstrap re-
sampling of sites within each gene.

https://doi.org/10.1016/j.ympev.2018.10.001
Received 8 March 2018; Accepted 1 October 2018

Abbreviations: Chiari, Chiari et al. (2012); Linkem, Linkem et al. (2016); RF distance, Robinson-Foulds distance; Xi, Xi et al. (2014)
⁎ Corresponding author at: Department of Biology, 200 West Lake Street, Colorado State University, Fort Collins, CO 80523-1878, USA.
E-mail address: psimmons@rams.colostate.edu (M.P. Simmons).

Molecular Phylogenetics and Evolution 131 (2019) 80–92

Available online 02 November 2018
1055-7903/ © 2018 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/10557903
https://www.elsevier.com/locate/ympev
https://doi.org/10.1016/j.ympev.2018.10.001
https://github.com/dbsloan/msc_tree_resampling
https://doi.org/10.1016/j.ympev.2018.10.001
mailto:psimmons@rams.colostate.edu
https://doi.org/10.1016/j.ympev.2018.10.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ympev.2018.10.001&domain=pdf


1.1. Seo’s multilocus bootstrap

Seo et al. (2005) noted that the independently-and-identically-dis-
tributed (IID) bootstrapping assumption is violated when applied to loci
(“genes”) that have different histories, as in the case of incomplete
lineage sorting. In such cases traditional one-step bootstrapping applied
to concatenated loci can indicate high support for incorrect clades (Seo,
2008). To address this limitation of the one-step bootstrap, Seo et al.
(2005) and Seo (2008) described how the two-step bootstrap (Rao and
Wu, 1988) can be applied to multilocus sequence datasets when phy-
logenetic inference is performed using multiple genes. In their two-step
bootstrap the first step is to resample genes and the second step is to
resample characters within each resampled gene.

Seo et al. (2005) and Seo (2008) demonstrated the need to resample
genes based on logic, simulations, and two empirical examples. Yet to
our reading, they never demonstrated the importance of the second step
of their procedure—resampling characters within each gene. Indeed,
their primary comparison of their two-step (gene+ site bootstrap)
procedure was with the traditional one-step bootstrap applied to con-
catenated genes. As Seo (2008: 970) concluded, “By theoretical in-
vestigation, simulation studies, and empirical data analysis, we de-
monstrated that there is a potential problem associated with the
sequence concatenation and that intergene variations should be con-
sidered during the measurement of phylogenetic uncertainty.” How-
ever, they did not compare their gene+ site bootstrap with a gene-wise

bootstrap (i.e., sampling genes with replacement but not bootstrapping
sites within each of the sampled genes; Fig. 1), which also takes into
account intergene variations.

Seo’s (2008) four-taxon simulations sampled genes with 501 – 3500
characters that evolved based on Jukes and Cantor’s (1969) simple
model with branch lengths obtained from a uniform distribution be-
tween 0 and 0.2 or 0 and 0.02. As such, these simulations represent
nearly optimal conditions wherein gene-tree-estimation error would be
minimal. Seo (2008) effectively used these simulations to demonstrate
that his two-step bootstrap is more conservative (i.e., generally pro-
viding lower support values rather than very high support for alter-
native resolutions) than the one-step bootstrap. But these simulations
did not represent a good test of how the two-step bootstrap would
perform in the context of summary coalescence analyses, wherein there
may be substantial gene-tree-estimation error (Townsend et al., 2011;
Bayzid and Warnow, 2013; Betancur-R et al., 2014; Mirarab et al.,
2014; Gatesy and Springer, 2014; Simmons and Gatesy, 2015; Rivers
et al., 2016; Simmons et al., 2016; Springer and Gatesy, 2016; Gatesy
et al., 2017; Richards et al., 2018). This gene-tree-estimation-error
problem is exacerbated by employing the gene+ site bootstrap.

Gene+ site bootstrapping has been considered to be a more con-
servative method for assessing branch support in coalescent analyses
given that it incorporates uncertainty at the level of both coalescent
genes and sites within coalescent genes (Liu et al., 2010; Edwards,
2016). But our focus is on how the method performs when applied to

Genes

Gene-wise Resampling Site-wise Resampling Gene-wise + Site-wise

Reconstruct Gene Trees

   1,2,3,4,5

1,2,3,4,5

Resample Gene
Trees 100 Times 

Species Trees
#1, #2, #3,      ,#100

   Bootstrap Consensus Tree

Genes
   1,2,3,4,5

Resample Sites in
Genes 100 Times 

Reconstruct Gene Trees for
Genes with Resampled Sites 

#1: 1,2,3,4,5
#2: 1,2,3,4,5
#3: 1,2,3,4,5

#100: 1,2,3,4,5

Species Trees
#1, #2, #3,      , #100

Genes
   1,2,3,4,5

Resample Genes 100 Times

Resample Sites in
Resampled Genes 

Reconstruct Gene Trees
for Resampled Genes
with Resampled Sites

#1: 4,3,2,4,1
#2: 3,2,3,4,5
#3: 3,2,4,1,2

#100: 1,5,2,5,1

      Bootstrap Consensus Tree       Bootstrap Consensus Tree

Species Trees
#1, #2, #3,       #100

#1: 4,3,2,4,1
#2: 3,2,3,4,5
#3: 3,2,4,1,2

#100: 1,5,2,5,1

#1: 4,3,2,4,1
#2: 3,2,3,4,5
#3: 3,2,4,1,2

#100: 1,5,2,5,1#1: 1,2,3,4,5
#2: 1,2,3,4,5
#3: 1,2,3,4,5

#100: 1,2,3,4,5

#1: 2,4,2,4,3
#2: 2,1,1,3,2
#3: 5,2,5,3,1

#100: 4,1,2,3,5
. . . .

. . . .

. . . .

. . . .

. . . .

. . . .

. . . .

. . . .

. . . .

Fig. 1. Schematic illustration of the different steps that are associated with gene-wise resampling, site-wise resampling, and gene-wise+ site-wise resampling (Seo,
2008) that are employed with summary coalescence methods such as ASTRAL (Mirarab et al., 2014), MP-EST, (Liu et al., 2010) and STAR (Liu et al., 2009). The
examples in this figure are bootstrap analyses of a hypothetical dataset with 5 genes (1–5) and 100 pseudoreplicates. Yellow boxes indicate gene-wise resampling
(genes or gene trees) and pink boxes indicate site-wise resampling. Site-wise resampling is not shown in the pink boxes; rather, site-wise resampling occurs within
each of the genes that are listed in the pink boxes. Pound signs (#) correspond to individual pseudoreplicates and species trees based on these pseudoreplicates.
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empirical datasets, for which the following two concerns apply. First,
individual coalescent genes (i.e., contiguous DNA segments bounded by
recombination events within the study lineage) can be as short as a
single nucleotide and provide insufficient evidence with which to ac-
curately infer gene trees—even when all characters from each coales-
cent gene are sampled (Hudson, 1990; Doyle, 1995). Bootstrap resam-
pling can provide an accurate estimate of the underlying distribution
from which the characters were sampled when it is applied to datasets
composed of numerous characters (Efron, 1979; Felsenstein, 2004). But
this condition is typically not met when sampling nuclear autosomal
loci for phylogenetic analyses wherein a single functional gene may
consist of many separate coalescent genes (Hobolth et al., 2011; Gatesy
and Springer, 2014; Springer and Gatesy, 2016, 2018). Second, few, if
any, synapomorphies can be expected from each coalescent gene when
there are rapid cladogenic events or short ultraconserved elements are
sampled (Gatesy and Springer, 2014; Springer and Gatesy, 2016). Even
if one is fortunate enough to have a single uncontradicted synapo-
morphy that is shared by all descendent lineages on the intervening
branch for each coalescent gene, that synapomorphy will not be sam-
pled in ∼37% of the bootstrap or jackknife (with e−1 deletion prob-
ability) pseudoreplicates (Farris et al., 1996).

Given the circumstances described above, it is inevitable that
bootstrap pseudoreplicates with site resampling will have additional
gene-tree-estimation error relative to gene trees inferred from the ori-
ginal sequence data. This error is exacerbated still further when the
gene trees are inferred using maximum-likelihood programs that output
only a single fully resolved gene tree, even when there are no in-
formative characters, as is the case for both PhyML (Guindon et al.,
2010), and RAxML (Stamatakis, 2014). The question is then: does this
additional gene-tree-estimation error result in consistently conservative
bootstrap support or can it instead provide unjustifiably high support,
particularly for incorrect clades?

1.2. Alternatives to Seo’s multilocus bootstrap

Problems caused by gene-tree-estimation error when sites within
genes are resampled in bootstrap coalescent analyses include low sup-
port for true positives and high support for false positives in simulations
(Bayzid et al., 2015), less accurate phylogenetic inference when boot-
strap-pseudoreplicate rather than optimal gene trees are used for phy-
logenetic inference by MP-EST, and greater topological incongruence
relative to the species tree on which the gene trees were simulated,
which leads to bias (Sayyari and Mirarab, 2016). To address these
problems, Bayzid et al. (2015) proposed weighted statistical binning
and Sayyari and Mirarab (2016) proposed local posterior probabilities
(based on gene-tree quartet frequencies for each internal branch in the
inferred species tree).

Sayyari and Mirarab (2016) reported that local posterior prob-
abilities outperformed, and were less conservative than, site-wise
bootstrapping based on both simulated and empirical examples. They
did note a limitation of their approach, which also applies to gene-wise
resampling: it does not take into account gene-tree-estimation un-
certainty, which some authors regard as essential (e.g., Edwards, 2016;
Liu et al., 2017). But given that the additional gene-tree-estimation
error entailed in site and gene+ site bootstrapping causes a bias in
coalescent analyses, we suggest that these are poor approaches to in-
corporate uncertainty. Instead we argue that gene-wise resampling and
local posterior probabilities can more effectively account for phyloge-
netic uncertainty when the bias caused by resampling sites is elim-
inated—as long as these approaches are applied to numerous coalescent
genes.

Zhang et al. (2017) proposed and tested another method to reduce
the effect of gene-tree-estimation error in summary coalescent analyses:
collapsing internal branches on gene trees with very low bootstrap
support. They implemented their method in ASTRAL-III. Their method
can be used together with both site-wise resampling as well as local

posterior probabilities. But a qualifier for their method is that the
bootstrap support of the optimal gene trees must be accurately esti-
mated and some programs can indicate high support despite only
having ambiguous data (e.g., Goloboff and Pol, 2005; Lemmon et al.,
2009; Simmons, 2012, 2014). For likelihood implementations that only
save a single optimal tree, such as GARLI (Zwickl, 2006), PhyML, and
RAxML, a better choice may be to use the Shimodaira-Hasegawa-like
approximate likelihood ratio test (Anisimova and Gascuel, 2006;
Guindon et al., 2010; Simmons and Norton, 2013) or simply collapse
internal branches that are exceptionally short (Gatesy and Springer,
2014; Giarla and Esselstyn, 2015).

1.3. Bootstrap versus jackknife resampling

Both gene-wise and gene+ site resampling (Fig. 1) can be im-
plemented using the bootstrap or the jackknife. The bootstrap involves
resampling characters with replacement, whereas the jackknife in-
volves resampling characters with a fixed deletion probability (p) for
each character (Felsenstein, 1985; Farris et al., 1996). In the context of
parsimony analyses, an advantage of the jackknife “… is that it sim-
plifies the relationship between group frequency and support. Provided
the data have no missing entries, the expected jackknife frequency of a
group G set off by r uncontradicted characters is just 1 – pr” (Farris
et al., 1996:114). As a result, jackknife support for a given clade is
unaffected by characters that neither support nor contradict the clade in
question, in contrast to the bootstrap (Carpenter, 1996; Farris et al.,
1996). Furthermore, bootstrapping… “creates pseudoreplicates that
comprise unobserved (non-real) character combinations, whereas
[jackknifing] simply uses actual character subsets as its pseudor-
eplicates. The unobserved character combinations that arise in a
bootstrap analysis introduce an element of arbitrary character
weighting to the analysis…” (Freudenstein and Davis, 2010: 653-654).
At the extreme, the arbitrary character weighting in a bootstrap ana-
lysis can produce 99% support values for properly unsupported clades
that receive<50% jackknife support. In other cases, the bootstrap can
underestimate support for properly supported clades (Simmons and
Freudenstein, 2011). Hence, there is reason to expect that the jackknife
may outperform the bootstrap by avoiding the effects of characters that
neither support nor contradict the clade in question as well as arbitrary
character weighting.

Felsenstein (1985, 2004) proposed that the jackknife be applied
with a 0.5 deletion probability, whereas Farris et al. (1996) proposed
that the jackknife be used with the e−1 (∼0.3679) deletion probability.
Farris et al. (1996) objected to the delete-half jackknife because clades
with 50% support by this resampling scheme may alternatively be
unsupported by the data (i.e., absent in the strict consensus of all op-
timal trees; Nixon and Carpenter, 1996; Goloboff and Farris, 2001;
Goloboff et al., 2003; Kopuchian and Ramírez, 2010) or unambiguously
supported by a single uncontradicted synapomorphy. Subsequent stu-
dies have demonstrated that unsupported clades can be assigned up to
99% resampling values because of artifacts caused by problematic im-
plementation of the resampling methods (Goloboff and Pol, 2005;
Simmons and Freudenstein, 2011; Simmons and Goloboff, 2013). Farris
et al.’s (1996) criticism of the delete-half jackknife can be obviated by
simply mapping jackknife support onto the strict consensus of all
equally optimal trees. Hence, beyond precedent and the connection
between bootstrap and jackknife support at the limit with Hennigian
(i.e., congruent, non-homoplasious) characters (Farris et al., 1996),
there is no need to apply their favored e−1 deletion probability
(Goloboff et al., 2003; Freudenstein and Davis, 2010; Kopuchian and
Ramírez, 2010).

1.4. Foci of this study

In this study, we tested whether bootstrap analyses that incorporate
site-wise resampling consistently provide conservative support or
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instead can provide unjustifiably high support, particularly for appar-
ently incorrect clades, in summary coalescent analyses. We did so using
data from three empirical phylogenomic studies and four coalescent
methods (ASTRAL, MP-EST [Liu et al., 2010], NJst [Liu and Yu, 2011],
and STAR [Liu et al., 2009]). We demonstrate that application of site-
wise bootstrapping generally resulted in gene-trees with substantial
additional conflicts relative to gene trees inferred from the original
sequence data. Due to this bias, site-wise bootstrapping cannot be relied
upon to provide conservative support. Instead this approach can yield
high support for apparently incorrect clades. We provide a script that
implements gene-wise resampling, using either the bootstrap or the
jackknife, for use with ASTRAL, MP-EST, NJst, and STAR. We demon-
strate that the gene-wise bootstrap outperformed (i.e., gave more
credible results) the site-wise bootstrap for the primary focal clades for
all four of these coalescent methods applied to all three empirical stu-
dies. For summary-coalescent-based phylogenetic analyses, we there-
fore suggest that gene-wise resampling is preferable to site-wise or
gene+ site resampling (Fig. 1).

2. Materials and methods

2.1. Empirical studies sampled

We sampled the following three empirical phylogenomic studies
wherein the original authors applied at least one summary coalescent
method to analyze their data: Chiari et al. (2012; hereafter “Chiari”),
Linkem et al. (2016; hereafter “Linkem”), and Xi et al. (2014; hereafter
“Xi”). Chiari compiled 248 nuclear genes for 16 amniote species, with a
focus on resolving the relationship of turtles (Testudines) to birds
(Aves), crocodiles (Crocodylia), lizards and snakes (Squamata), and
mammals (Mammalia). They concluded that their data best support the
relationship (Testudines (Aves, Crocodylia)). Their MP-EST-based in-
ference using DNA-based gene trees grouped Crocodylia with Testu-
dines (87% bootstrap), but Chiari concluded that this is an artifact
caused by saturation of some nucleotide substitutions. Despite ob-
taining relatively high MP-EST bootstrap support for the (Crocodylia,
Testudines) clade, the difference between this topology and the (Aves,
Crocodylia) topology is just 7.95 log pseudolikelihood units
(−28231.93 vs. −28239.88), as reported by MP-EST ver. 1.5. MP-EST
is the only coalescence method that they applied, and they calculated
bootstrap support by resampling nucleotide sites while retaining all 248
of the originally sampled genes in each bootstrap pseudoreplicate. We
used Chiari’s bootstrapped DNA-based gene trees (100 pseudor-
eplicates) for our analyses.

Linkem sampled 429 loci for 16 Scincidae lizard species, with a
focus on determining whether Scincinae is a monophyletic subfamily
(in particular, whether Brachymeles is sister to the six other Scincinae
species sampled or sister to the Lygosominae). They concluded that
their data best support Scincinae as a clade based on their MP-EST
coalescent analysis, which assigned 77% bootstrap support to the
Scincinae. MP-EST is the only coalescence method that they applied,
and they calculated bootstrap support by resampling sites while re-
taining all 429 of the originally sampled loci in each bootstrap pseu-
doreplicate. The difference between the two alternative resolutions of
Brachymeles differ by 14.22 log pseudolikelihood units (−182286.71
vs. −182300.93) based on MP-EST ver. 1.5 analyses. We used Linkem’s
original bootstrapped gene trees (1000 pseudoreplicates) for our ana-
lyses. Chiari, Linkem, and Xi (see below) all performed a single MP-EST
tree search for each of their bootstrap pseudoreplicates (F. Delsuc, C.
Linkem, Z. Xi, pers. comms.).

Xi sampled 310 nuclear genes for 46 vascular-plant species, with a
focus on resolving the extant sister group to the remaining extant
angiosperms—Amborella alone or the clade of (Amborella, Nuphar).
They concluded that their data best support the clade (Amborella,
Nuphar) as sister to the remaining extant angiosperms based on their
MP-EST and STAR coalescent analyses, which assigned 99% (MP-EST)

and 97% (STAR) bootstrap support to the clade. Xi applied Seo’s (2008)
approach, and hence bootstrapped both sites within genes as well as the
genes themselves. In a reanalysis of Xi’s dataset, Mirarab and Warnow
(2015) instead performed site-wise bootstrap resampling analyses and
reported 100% MP-EST bootstrap support for (Amborella, Nuphar), but
75% ASTRAL bootstrap support for Amborella alone as sister. The high
MP-EST bootstrap support for (Amborella, Nuphar) is quite surprising
given that an MP-EST ver. 1.5 analysis of Xi’s optimal gene trees ac-
tually supports Amborella alone as sister and the two topologies differ
by just 4.37 log pseudolikelihood units (−944121.38 vs. −944125.74;
Simmons and Gatesy, 2015; Simmons, 2017a). We used Mirarab and
Warnow’s (2015) site-wise bootstrapped gene trees (200 pseudor-
eplicates) for our analyses.

A discrepancy in the literature is that Mirarab and Warnow (2015)
reported that their MP-EST analysis of Xi’s 310 genes resolved (Am-
borella, Nuphar) as sister whereas Simmons and Gatesy (2015) reported
that their MP-EST analysis of Xi’s optimal gene trees resolved Amborella
alone as sister. The cause for this discrepancy is that Mirarab and
Warnow (2015) reanalyzed Xi’s dataset to derive optimal gene trees
whereas Simmons and Gatesy (2015) used Xi’s original gene trees. The
original and re-inferred gene trees differ in topology in some cases. For
example, 103 of Xi’s gene trees resolve the bipartition (Selaginella,
gymnosperms, Amborella (Nuphar, all other angiosperms)) whereas only
98 of Mirarab and Warnow’s (2015) gene trees do. We used RAxML ver.
8.2.1′s -f e function with the GTRGAMMA model to calculate log like-
lihoods for both sets of gene trees. Taken across all 310 genes, Xi’s trees
have 22.4 higher log likelihood than Mirarab and Warnow’s (2015)
trees. Therefore, we used Xi’s original gene trees for our analyses.

The bootstrap pseudoreplicates we used for all three empirical
studies were conducted using site-wise rather than gene+ site resam-
pling. Bootstrapping genes in addition to bootstrapping characters
would add greater variance among pseudoreplicates, but should have a
minimal affect our reported averages across all pseudoreplicates. For
example, Mirarab et al. (2016) did not find any statistically significant
differences in species-tree-estimation error when they compared site-
wise vs. gene+ site bootstrapping and also reported obtaining gen-
erally similar support percentages. Hence our average site-wise boot-
strap results, though not necessarily our confidence intervals, should
generally extend to gene+ site resampling.

2.2. Conflicts among gene trees

We used three complementary methods to quantify the greater
conflict among inferred gene-trees in bootstrap pseudoreplicates re-
lative to gene trees inferred from the original sequence data. First, we
used the RFdistances.twoFiles.v2.py script from RF Distances Filter
(https://github.com/dbsloan/rf_distances_filter; Simmons et al., 2016)
to calculate pairwise Robinson-Foulds distances (RF distances;
Robinson and Foulds, 1981) among all of the optimal gene trees for a
dataset. For the first 100 bootstrap pseudoreplicates from a particular
study, we then calculated average pairwise RF Distances among boot-
strapped gene trees for each pseudoreplicate. Lower pairwise RF dis-
tances indicate greater congruence among gene trees. The decrease in
accuracy caused by site-wise bootstrapping was then quantified by
subtracting the pairwise RF distance (scaled from 0 to 1 following
Rosenberg and Kumar, 2001) for the optimal gene trees from the
average scaled RF distance among the 100 bootstrap pseudoreplicates.

Short coalescent genes may have insufficient phylogenetic signal
and hence higher tree-estimation error than longer loci (Hudson, 1990;
Doyle, 1995). Hence we tested for a correlation between alignment
length and pairwise RF distances by assigning each gene to one of three
bins (shortest third, middle third, and longest third) and calculating the
average pairwise RF distance (and±95% confidence intervals) for
genes in the shortest third and longest third bins. Our a priori hypothesis
was that the genes in the longest bin would, on average, have sig-
nificantly greater congruence (and hence lower pairwise RF distances)
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with other genes than would genes in the shortest bin. The rationale is
that longer genes tend to have more parsimony-informative characters.
The number, range, and average alignment length in each bin for each
study are presented in Table 1.

Second, we used the RFdistances.twoFiles.v2.py script to check
whether a series of reference clades were resolved or contradicted in
each of the inferred gene trees. The reference clades were selected as
those that were present in the optimal summary-coalescent tree for
each study, also were supported by concatenation analysis in each
study, and have been well-corroborated by independent phylogenetic
studies. These uncontroversial reference clades were not the primary
phylogenetic focus of the sampled studies. The five reference clades for
Chiari are Aves, Crocodylia, Mammalia, Squamata, and Testudines
(Fig. 2A). The four reference clades for Linkem are Lygosominae,
Scincinae+ Lygosominae, Sphenomorphus group (Lobulia, Sphenomor-
phus, Tytthoscincus), and (Emoia, Lygosoma, Mabuya) (Fig. 2B). Fol-
lowing Simmons and Gatesy (2015), the four reference clades for Xi are
angiosperms, angiosperms except Amborella and Nuphar, monocots, and
eudicots (Fig. 2C). The decrease in accuracy caused by site-wise boot-
strapping was then quantified by comparing the average number of
times that a reference clade was contradicted among the 100 bootstrap
replicates to the number of optimal gene trees that contradicted the
same clade.

Third, for each study, we quantified how many times that each of
three alternative resolutions of the primary focal clades were resolved
in the set of inferred gene trees. The three alternative resolutions differ
from each other by a single nearest-neighbor-interchange swap [e.g.,
((A, B)(C, D)), ((A, C)(B, D)), and ((A, D)(B, C))]. In each study, two of
the alternative resolutions have been well supported by previous phy-
logenetic analyses and/or other results presented in the same study
(e.g., concatenation-based phylogenetic trees), whereas the third al-
ternative resolution had not. Hereafter the two resolutions that have
been well supported are referred to as plausible and the third alternative
resolution is referred to as implausible. Having stated that, we ac-
knowledge that the third alternative resolution may be represented in a
minority of gene trees because of lineage sorting (e.g., Maddison,
1997).

For Chiari the two plausible alternative resolutions are (Testudines
(Crocodylia, Aves)) and (Aves (Crocodylia, Testudines)). The im-
plausible resolution is (Crocodylia (Testudines, Aves)), although this
resolution was recovered in a phylogenetic analysis of amino-acid se-
quences for 69 vertebrate mitochondrial genomes (Pollock et al., 2000)
and a gene-tree-parsimony analysis of 118 nuclear genes (Cotton and

Page, 2002). Note that for the position of Testudines we did not eval-
uate two other hypotheses that were addressed by Chiari. First, that
Testudines is the sister taxon to all diapsid reptiles including archosaurs
(Aves, Crocodylia) and lepidosaurs (lizards, snakes [=Squamata],
tuatara). This hypothesis has been supported by cladistic studies of
morphological characters (e.g., Gauthier et al., 1988), but is not sup-
ported by concatenated analyses of molecular data sets (Iwabe et al.,
2005; Shen et al., 2011; Crawford et al., 2012, 2015; Field et al., 2014).
Second, that Testudines is the sister taxon of lepidosaurs. The primary
evidence for this hypothesis is based on Lyson et al.'s (2012) analysis of
microRNAs. However, Field et al.'s (2014) analysis of an expanded
microRNA presence/absence data set with more rigorous criteria for
microRNA annotation provided strong support for a (Testudines,
archosaurs) clade. Field et al. (2014:194) demonstrated that the ap-
parent incongruence of Lyson et al.'s (2012) turtle-plus-lepidosaur clade
with other molecular studies that support Testudines plus archosaurs
(Iwabe et al., 2005; Shen et al., 2011; Chiari et al., 2012; Crawford
et al., 2012, 2015) is the result of “misrecognition of primary homo-
logies” by Lyson et al. (2012).

For Linkem the two plausible resolutions are (other Scincinae
(Brachymeles, Lygosominae)) and (Lygosominae (Brachymeles, other
Scincinae)). The implausible resolution is (Brachymeles (other
Scincinae, Lygosominae)). For Xi the two plausible alternative resolu-
tions are (Amborella (Nuphar (other angiosperms))) and ((other an-
giosperms) (Amborella, Nuphar)). The implausible resolution is (Nuphar
(Amborella (other angiosperms))). Simmons and Gatesy (2015) de-
monstrated that the (gymnosperms, Amborella, Nuphar) clade, caused
by Xi using a highly divergent outgroup (Selaginella), is a mis-rooting
artifact that biased their phylogenetic inference that (Amborella, Nu-
phar) is sister to the other angiosperms. Hence, we included (gymnos-
perms, Amborella, Nuphar) as a fourth, artifactual clade in our analyses.

When calculating the percentage of the estimated gene trees with
the plausible and implausible resolutions, only gene trees with one of
the three alternative resolutions [i.e., ((A, B)(C, D)), ((A, C)(B, D)), and
((A, D)(B, C))] were considered. We compared the percentage of gene
trees with the implausible (and artifactual for Xi) and plausible re-
solutions between the optimal gene trees with the average percentage
among the 100 bootstrap pseudoreplicates.

2.3. Gene-wise resampling

In addition to running site-wise bootstrap analyses in ASTRAL, MP-
EST, NJst, and STAR, we created MSC (multispecies coalescent) Tree

Table 1
Average pairwise RF distances among genes sampled from each of the three empirical studies after application of site-wise bootstrap resampling.

Dataset Gene number b Alignment length (average) bp Pairwise RF distances

Optimal trees c Site-wise bootstrap trees d

Chiari
all genes 248 348–1899 (7 5 4) 0.513 (± 0.015) 0.609 (± 0.002)
shortest genes 83 348–606 (5 2 6) 0.532 (± 0.026) 0.634 (± 0.019)
longest genes 84 804–1899 (1036) 0.483 (± 0.023) 0.582 (± 0.015)

Linkem
all genes 429 338–1070 (6 4 4) 0.865 (± 0.006) 0.910 (± 0.001)
shortest genes 145 338–606 (5 4 0) 0.876 (± 0.011) 0.918 (± 0.006)
longest genes 143 688–1070 (7 5 2) 0.849 (± 0.010) 0.899 (± 0.006)

Xia

all genes 310 306–1641 (7 7 3) 0.560 (± 0.009) 0.670 (± 0.001)
shortest genes 103 306–651 (4 8 3) 0.595 (± 0.016) 0.700 (± 0.011)
longest genes 103 888–1641 (1076) 0.527 (± 0.013) 0.641 (± 0.009)

a Using Xi et al.’s (2014) original gene trees and Mirarab and Warnow’s (2015) bootstrap trees.
b The reasons for different numbers of genes sampled in the shortest and longest bins for Chiari and Linkem are that fractions of genes could not be assigned to

different bins and genes with the same length were not assigned to different bins.
c ± 95% confidence interval calculated across optimal gene trees.
d ± 95% confidence interval calculated across all 100 bootstrap pseudoreplicates sampled.
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Resampling (https://github.com/dbsloan/msc_tree_resampling), which
is a Perl script that implements gene-wise bootstrap and jackknife re-
sampling and automates the calling of ASTRAL, MP-EST, NJst, or STAR
to analyze the generated pseudoreplicates. This script allows users to
set the number of pseudoreplicates, choose bootstrapping or jack-
knifing, and set the jackknife deletion probability applied to each gene.
The input file consists of the optimal gene trees in Newick format. MSC
Tree Resampling requires that the user specify the outgroup taxon for

STAR analyses; it assumes that the gene trees are consistently rooted for
the MP-EST analyses. MSC Tree Resampling enables the user to specify
different numbers of search replicates within each pseudoreplicate for
MP-EST analyses, but will only output the first tree found with the
highest likelihood if multiple searches are performed.

For the three sampled datasets, we applied the gene-wise bootstrap
as well as two alternative gene-wise jackknife deletion probabilities:
0.5, following Felsenstein (1985, 2004), and e−1 (∼0.3679), following
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Fig. 2. Thirteen ‘reference clades’ that were used to assess the decay in congruence among inferred gene trees when sites within genes are bootstrapped: Chiari
Amniota (A), Linkem Scincidae (B), and Xi angiosperms (C) datasets. The three topologies shown are based on MP-EST analysis of optimal gene trees derived from the
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M.P. Simmons et al. Molecular Phylogenetics and Evolution 131 (2019) 80–92

85

https://github.com/dbsloan/msc_tree_resampling


Farris et al. (1996). For all three studies, we used the original authors’
optimal gene trees. One thousand pseudoreplicates were performed for
all gene-wise resampling analyses, after which extended majority-rule
consensus trees were calculated using Phyutility ver. 2.2 (Smith and
Dunn, 2008). Resampling support values were then mapped onto the
preferred coalescent-based species tree reported by the original authors
using TreeGraph 2 ver. 2.10.0–637 (Stöver and Müller, 2010).

Gene-wise bootstrapping, wherein resampling with replacement is
performed, entails duplicating some gene trees in each pseudoreplicate
and deleting others. Alternatively jackknifing resampling is performed
without replacement, and entails deleting gene trees in each pseudor-
eplicate. The gene-tree duplication entailed in bootstrapping may
therefore artifactually raise the average gene-tree congruence relative
to the optimal gene trees. To quantify this effect we compared the
average pairwise RF distance among the optimal gene trees with
average pairwise RF distances in the first 100 bootstrap pseudor-
eplicates and the first 100 jackknife pseudoreplicates (e−1 deletion
probability).

2.4. Summary coalescence analyses

We performed summary coalescent analyses using ASTRAL ver.
4.11.2, MP-EST ver. 1.5, and NJst and STAR using Phybase ver. 1.5.
Gene-wise jackknife analyses were performed using a single MP-EST
search per pseudoreplicate while bootstrap analyses were alternately
performed using either one search or ten searches per pseudoreplicate
in MP-EST.

Supplementary data, including gene trees from both the site-wise
and gene-wise resampling pseudoreplicates, the species trees inferred
for each resampling pseudoreplicate, trees with reference clades, and a
Microsoft Excel file containing the raw and summarized data, are
posted at: https://figshare.com/articles/Supplemental_data_for_Gene-
wise_resampling_outperforms_site-wise_resampling_in_phylogenetic_
coalescence_analyses_/4476188.

3. Results

3.1. Conflicts among gene trees

The average pairwise RF distances among genes before and after
application of site-wise bootstrap resampling are presented in Table 1.
Taken across all of the optimal gene trees, the average incongruence
among Linkem’s gene trees (scaled RF=0.865, equivalent to 11.2 of 13
possible clades; all gene trees have complete taxon sampling) was far
higher than that for Chiari (0.513, equivalent to 6.7 of 13 possible
clades in gene trees with complete taxon sampling) or Xi (0.560,
equivalent to 24.1 of 43 possible clades in gene trees with complete
taxon sampling). For all three studies, the incongruence was sig-
nificantly greater (non-overlapping±95% confidence intervals)
among site-wise bootstrap trees than among the optimal gene trees. The
additional incongruence among site-wise bootstrap trees averaged
0.096 (equivalent to 1.2 clades) for Chiari, 0.045 (equivalent to 0.6
clades) for Linkem, and 0.110 (equivalent to 4.7 clades) for Xi.

Pairwise gene-tree incongruence was significantly greater (non-
overlapping±95% confidence intervals) for the gene trees based on
the shortest subset of genes relative to the gene trees based on the
longest subset of genes for all three studies (Table 1). The additional
incongruence for the shortest subset of genes averaged 0.049 for Chiari,
0.027 for Linkem, and 0.068 for Xi.

Gene trees that conflict with reference clades (Fig. 2) from each of
the three studies are presented in Table 2, with the results from Chiari
highlighted in Fig. 3. When applying site-wise bootstrapping rather
than using the optimal gene trees the number of conflicts increased
anywhere from 6.8% to 100%. In all 13 of these cases, the number of
optimal gene trees that conflicted with the reference clade was below
the 95% confidence interval for the 100 bootstrap pseudoreplicates

sampled.
Alternative resolutions of the primary focal clades are presented in

Table 3, wherein plausible, implausible, and artifactual clades are
listed. When applying site-wise bootstrapping rather than using the
optimal gene trees, the number of gene trees with either of the plausible
resolutions decreased substantially (by 12.1–50.1%) for all three stu-
dies. For each of the six plausible resolutions, the number of optimal
gene trees that resolved the clade was above the 95% confidence in-
terval for the 100 bootstrap pseudoreplicates sampled.

More diverse results were obtained for the implausible and arti-
factual clades. The implausible resolution for Chiari increased by 30.9%
and the artifactual resolution for Xi increased by 52.8% when applying
site-wise bootstrapping (Table 3). Alternatively, the implausible re-
solution for Linkem decreased by 36.4%, and the implausible resolution
for Xi decreased by 40.2%.

3.2. Gene-wise resampling

The average pairwise RF distances among genes before and after
application of gene-wise resampling are presented in Table 4. Although
there was slightly greater gene-tree congruence among the gene-wise
bootstrap pseudoreplicates than among the optimal gene trees for all
three datasets, in all cases the average for the optimal gene trees (and
jackknife pseudoreplicates) was within the 95% confidence interval for
the 100 bootstrap pseudoreplicates sampled.

3.3. Gene-wise versus site-wise bootstrap

Gene-wise bootstrap and jackknife percentages as well as site-wise
bootstrap percentages for the primary focal clades from each of the
three studies are presented in Fig. 4. The complete trees are presented
in Figs. S1 (Chiari), S2 (Linkem), S3 (Xi ASTRAL and MP-EST), and S4
(Xi NJst and STAR). The relevant comparison between gene-wise and
site-wise resampling is the bootstrap because site-wise jackknife sup-
port was not estimated in this study.

All four coalescence methods show decreased support for the
(Crocodylia, Testudines) clade when applying the gene-wise bootstrap
rather than the site-wise bootstrap to Chiari’s gene trees (Fig. 4A).
Support for the (Crocodylia, Aves) clade increased from 55% to 62% for
ASTRAL, support for the (Crocodylia, Testudines) clade decreased from
86% to 56% for MP-EST, while NJst and STAR switched from pro-
viding> 50% support for the (Crocodylia, Testudines) clade to pro-
viding> 50% support for the (Crocodylia, Aves) clade (61% to 69% for
NJst, 67% to 54% for STAR).

All four coalescence methods show decreased support for the
Scincinae clade when applying the gene-wise bootstrap rather than the
site-wise bootstrap to Linkem’s gene trees (Fig. 4B). ASTRAL changed
from providing 58% support for Scincinae to providing 56% support for
(Brachymeles, Lygosominae). Support for the Scincinae clade dropped
from 68% to 57% for MP-EST and 91% to 81% for both NJst and STAR.

All four coalescence methods show decreased support for the
(Amborella, Nuphar) clade when applying the gene-wise bootstrap ra-
ther than the site-wise bootstrap to Xi’s gene trees (Fig. 4C). ASTRAL
support for Amborella alone as sister to the remaining angiosperms in-
creased from 74% to 100%. MP-EST changed from providing 98%
support for the (Amborella, Nuphar) clade to providing 60% support for
Amborella alone as sister. Support for the (Amborella, Nuphar) clade
dropped from 100% to 97% by NJst and 99% to 94% by STAR.

When considering clades that were not the primary focus, there
were multiple cases wherein> 15% differences were obtained using
gene-wise bootstrapping rather than site-wise bootstrapping from all
three studies (Figs. S1–S4). Large differences in percent support were
obtained for all four coalescent methods and these large differences
included clades with>70% gene-wise and/or site-wise resampling
support. Some of the more extreme cases are as follows: ASTRAL (58%
site-wise vs. −81% [i.e., majority support for a contradictory clade]
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gene-wise, −78% vs. 69%, 44% vs. 92%), MP-EST (86% site-wise vs.
56% gene-wise, 48% vs. 98%, 66% vs. 90%), NJst (−45% site-wise vs.
89% gene-wise, 56% vs. −80%, 68% vs. 96%), and STAR (59% site-
wise vs. 94% gene-wise, 57% vs. 87%, 78% vs. 96%). Neither gene-wise
nor site-wise bootstrapping percentages were consistently higher than
the other.

3.4. Gene-wise bootstrap versus gene-wise jackknife versus posterior
probabilities

Gene-wise bootstrap and jackknife resampling percentages for the
primary focal clades from each of the three studies generally differed by
only a minor extent (Fig. 4). The percentage jackknife support calcu-
lated using the e−1 deletion probability was 0–7 greater than that
calculated using the 0.5 deletion probability. When they differed, the
jackknife support calculated using the 0.5 deletion probability was
generally more similar to the bootstrap support than was jackknife
support calculated using the e−1 deletion probability. The percentage
of MP-EST bootstrap support using 10 tree searches per pseudoreplicate
ranged from four lower to five greater than that generated using one
tree search per pseudoreplicate.

No consistent differences in levels of support were observed when
comparing ASTRAL posterior probabilities with ASTRAL site-wise or
gene-wise bootstrap percentages (Figs. S1–S3).

3.5. Strongly conflicting support scores when different methods are applied

In several instances, large differences in bootstrap and jackknife
percentages were recorded at primary focal clades when different
summary coalescent methods were applied to the same data set (Fig. 4).
For Chiari, MP-EST provided relatively high (86%) site-wise bootstrap
support for (Testudines, Crocodylia) even though all other coalescent
methods instead supported (Aves, Crocodylia) with gene-wise resam-
pling support of 52% to 73%. The (Aves, Crocodylia) clade also was
assigned an ASTRAL local posterior probability of 1.0 and concatena-
tion bootstrap of 100%.

For Linkem, ASTRAL and concatenation both supported
(Brachymeles, Lygosominae) but contrasted with MP-EST, NJst, and
STAR that instead supported monophyly of Scincinae. Concatenation
(100% bootstrap) strongly conflicted with NJst and STAR coalescence
(site-wise bootstrap=91% for both methods).

For Xi, analysis of optimal gene trees supported Amborella alone as
sister to the remaining angiosperms for two coalescent methods
(ASTRAL, MP-EST) as well as concatenation; bootstrap, jackknife, and
posterior probabilities generally were high for ASTRAL and con-
catenation. Remarkably, site-wise bootstrapping of gene trees using
MP-EST indicated 98% support for the conflicting resolution where
(Amborella, Nuphar) is sister to the remaining angiosperms. High sup-
port for (Amborella, Nuphar) also was recorded for STAR and NJst
(jackknife and bootstrap scores ranged from 93% to 100%). But when

Table 2
Gene trees that conflict with reference clades from each of the three empirical studies.

Dataset/clade # optimal gene trees # site-wise bootstrap gene trees # applicable genes Percentage increase for bootstrap trees

Chiari
Aves 25 42.37 (± 0.80) 248 69.5
Crocodylia 0 0.75 (± 0.15) 23 100
Mammalia 61 90.24 (± 1.04) 248 47.9
Squamata 11 19.16 (± 0.61) 134 74.2
Testudines 37 55.23 (± 0.83) 182 49.3

Linkem
Lygosominae 287 338.66 (±0.98) 429 18
Scincinae+ Lygosominae 314 335.46 (±1.41) 429 6.8
Sphenomorphus group 123 186.33 (±1.43) 429 51.5
Emoia, Lygosoma, Mabuya 220 283.74 (±1.20) 429 29

Xi
angiosperms 72 115.46 (±1.23) 286 60.4
angiosperms excluding Amborella and Nuphar 144 210.65 (±1.29) 310 46.3
monocots 57 100.88 (±1.28) 300 77
eudicots 112 174.69 (±1.47) 310 56
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gene-wise bootstrapping and jackknifing was executed for MP-EST,
resampling support shifted to favor Amborella alone as sister to re-
maining angiosperms (53% to 60%), which is congruent with the MP-
EST tree supported by analysis of optimal gene trees (Fig. 4).

4. Discussion

4.1. Conflicts among gene trees

There was much more gene-tree topological conflict in sets of site-
wise-resampling bootstrap pseudoreplicates than there was among the
optimal gene trees for all three studies (Table 1). This conflict ranged from
an average of 0.6 (of 13) to 4.7 (of 43) additional contradicting clades per
gene tree for gene trees that were already highly incongruent (6.7 of 13
clades, 11.2 of 13 clades, 24.1 of 43 clades) when inferred using the ori-
ginal sequence data. For the 13 reference clades, application of the site-
wise bootstrap resulted in inferred gene trees that had 6.8% to 100%more
conflicts than optimal gene trees inferred from the original data (Table 2;
Fig. 3). Given that gene tree reconstruction error is the bugaboo of sum-
mary coalescence methods (Townsend et al., 2011; Bayzid and Warnow,
2013; Betancur-R et al., 2014; Mirarab et al., 2014; Gatesy and Springer,
2014; Simmons and Gatesy, 2015; Rivers et al., 2016; Simmons et al.,
2016; Springer and Gatesy, 2016; Gatesy et al., 2017; Richards et al.,
2018), the additional conflicts that come with site-wise bootstrapping is
problematic. Instead of being representative of the original sequence data,
site-wise bootstrapping pseudoreplicates were strongly biased towards
increased conflict among gene trees relative to optimal gene trees derived
from the original data. This pattern was exacerbated in genes that are
short (Table 1), which corroborates concerns that gene-tree-estimation
error can be an even more severe problem for short coalescent genes
(Hudson, 1990; Doyle, 1995).

Aside from a general increase in incongruence among gene trees,
the plausible resolutions of primary focal clades from each of the three
studies dropped by 12.1% to 50.1% among the site-wise bootstrap gene
trees relative to optimal gene trees inferred from the original data
matrices (Table 3). The implausible and artifactual resolutions var-
iously dropped by up to 40.2% or increased by up to 91%. But the
summed percentage of the two alternative plausible resolutions for the
primary focal clades decreased for all three studies. Taken together,
these results demonstrate that there is reason to be concerned with
additional gene-tree-estimation error caused by site-wise resampling for
all three studies.

4.2. Gene-wise bootstrap resampling

Greater average gene-tree topological congruence among gene-wise
bootstrap pseudoreplicates relative to the optimal gene trees was ob-
served (Table 4). This pattern is likely caused by resampling a given
gene tree two or more times in the bootstrapping procedure that sam-
ples with replacement, but the increase in congruence relative to the
optimal gene trees was negligible for all three studies. Hence the in-
clusion of identical gene trees in gene-wise bootstrap pseudoreplicates
did not cause a substantial bias in topological congruence for the three
studies.

4.3. Gene-wise versus site-wise bootstrap

Gene-wise relative to site-wise bootstrapping indicated clear shifts
in support for alternative resolutions of the primary focal clades for all
four coalescent methods applied to all three studies (Figs. 2–4). For
Chiari all four coalescent methods provided increased support for the
(Crocodylia, Aves) clade and decreased support for the (Crocodylia,
Testudines) clade when using gene-wise rather than site-wise boot-
strapping (Table S1). These results make sense given that the (Croco-
dylia, Aves) clade was resolved in 32% (79 vs. 60) more of the optimal
gene trees than the (Crocodylia, Testudines) clade, but an average of
just 15% (60.76 vs. 52.72) more of the site-wise bootstrap gene trees
(Table 3).

Seven reasons to prefer the (Crocodylia, Aves) clade over the
(Crocodylia, Testudines) clade are as follows. First, the (Crocodylia,
Aves) clade was resolved in 32% more of the optimal gene trees than
the (Crocodylia, Testudines) clade. Second, Chiari resolved the
(Crocodylia, Aves) clade with 1.0 posterior probability in both their

Table 3
Alternative resolutions of the primary focal clades from each of the three empirical studies.

Dataset/resolution Optimal gene trees Site-wise bootstrap gene trees Percentage decrease in
plausible resolutions for
bootstrap treesNumber Percentagec Number Percentagec

Chiari
plausible: (Crocodylia, Aves) 79 51.6 60.76 (± 1.02) 46.1 23.1
plausible: (Crocodylia, Testudines) 60 39.2 52.72 (± 1.07) 40.0 12.1
implausiblea: (Testudines, Aves) 14 9.2 18.33 (± 0.68) 13.9

Linkem
plausible: (Brachymeles, other Scincinae) 12 18.5 6.47 (±0.48) 16.7 46.1
plausible: (Brachymeles, Lygosominae) 33 50.8 19.55 (± 0.70) 50.5 40.6
implausiblea: (other Scincinae, Lygosominae) 20 30.8 12.73 (± 0.60) 32.9

Xi
plausible: ((Nuphar, Amborella) (other angiosperms)) 28 16.2 18.82 (± 0.74) 16.9 32.8
plausible: (Amborella (Nuphar (other angiosperms))) 82 47.4 40.92 (± 0.91) 36.7 50.1
implausiblea: (Nuphar (Amborella (other angiosperms))) 48 27.7 28.69 (± 0.87) 25.8
artifactb: (gymnosperms, Amborella, Nuphar) 15 8.7 22.92 (± 1.20) 20.6

a Implausible in the context of phylogenetic relationships, not necessarily gene-tree topologies in the context of lineage sorting.
b Clear gene-tree misrooting artifact that is also implausible in the context of lineage sorting; only applicable for the 286 gene trees that included at least one

gymnosperm (Simmons and Gatesy, 2015).
c Percentage of the alternative three or four resolutions shown here, not the percentage across all gene trees.

Table 4
Average pairwise RF distances among genes sampled from each of the three
empirical studies after application of gene-wise resampling using the bootstrap
and the jackknife (e−1 deletion probability).

Dataset Optimal gene
trees

Gene-wise bootstrap
pseudoreplicates

Gene-wise jackknife
pseudoreplicates

Chiari 0.5127 0.5108 (±0.0028) 0.5118 (± 0.0021)
Linkem 0.8650 0.8647 (±0.0012) 0.8655 (± 0.0010)
Xi 0.5596 0.5581 (±0.0018) 0.5602 (± 0.0013)
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amino-acid and DNA-based concatenation analyses. Third, ASTRAL,
which has generally outperformed other summary coalescent methods
when applied to both simulated and empirical data (Mirarab et al.,
2014; Mirarab and Warnow, 2015; Simmons and Gatesy, 2015;
Meiklejohn et al., 2016 Simmons et al., 2016; Gatesy et al., 2017), re-
solved the same topology as the concatenation-based analysis. Fourth,
Chiari resolved the (Crocodylia, Aves) clade with 99% site-wise boot-
strap support in their MP-EST-based analysis of gene trees inferred
using amino-acid characters. Given limited taxon sampling and the age
of these lineages, it is reasonable to expect that AA characters may
outperform DNA characters for this dataset (reviewed in Simmons
et al., 2004; Simmons, 2017b). Sixth, the (Crocodylia, Aves) clade,
Archosauria, is the traditionally recognized resolution and has been
corroborated by both morphological and phylogenomic studies (e.g.,
Gauthier et al., 1988; Irisarri et al., 2017). Seventh, two of the gene
matrices that strongly support the (Crocodylia, Testudines) clade are
confounded by the inclusion of paralogs (Brown and Thomson, 2017).
Taken together, we suggest that the (Crocodylia, Aves) clade is better
supported than the alternative (Crocodylia, Testudines) clade for both
Chiari’s dataset as well as published phylogenetic evidence considered
as a whole. Hence we suggest that gene-wise bootstrapping, which
provided increased support for the (Crocodylia, Aves) clade and de-
creased support for the (Crocodylia, Testudines) clade for all four

coalescent methods, outperformed site-wise bootstrapping for Chiari’s
dataset.

For Linkem, all four coalescent methods provided increased support
for the (Brachymeles, Lygosominae) clade and reduced support for the
Scincinae clade when using gene-wise rather than site-wise boot-
strapping (Table S1). These results cannot be attributed primarily to the
ratio of optimal vs. site-wise-bootstrap gene trees that support the al-
ternative clades. The (Brachymeles, Lygosominae) clade was resolved in
175% (33 vs. 12) more of the optimal gene trees than the Scincinae
clade and 202% (19.55 vs. 6.47) more of the site-wise bootstrap gene
trees (Table 3). But given that these are just 10% (45/429) and 6%
(26.02/429), respectively, of the 429 genes that Linkem sampled, the
remaining gene trees have a large influence on the alternative resolu-
tions of these lineages. In such cases, the impact of each of the gene-tree
topologies on the alternative phylogenetic topologies may be quantified
using partitioned coalescence support (Gatesy et al., 2017).

Three reasons to prefer the (Brachymeles, Lygosominae) clade over
the Scincinae clade are as follows. First, the (Brachymeles,
Lygosominae) clade was resolved in 175% more of the optimal gene
trees than the Scincinae clade (Table 3). Second, Linkem resolved the
(Brachymeles, Lygosominae) clade with 1.0 posterior probability in their
concatenation analysis. Third, ASTRAL resolved the same topology as
the concatenation-based analysis when optimal gene trees based on the
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original sequence data were analyzed. Other relevant factors to con-
sider are that there are no skull-morphology synapomorphies for the
Scincinae (Linkem et al., 2016), Greer (1970) recognized Scincinae as
ancestral to other skink subfamilies, and the Scincinae have been var-
iously resolved as paraphyletic (Wiens et al., 2012; Lambert et al.,
2015) or monophyletic (Pyron et al., 2013; Lambert et al., 2015) in
previous phylogenetic analyses. Taken together, we suggest that the
(Brachymeles, Lygosominae) clade is better supported than the alter-
native Scincinae clade for Linkem’s dataset and hypothesize that the
high (81–89%) NJst and STAR gene-wise resampling supports for the
(Scincinae) clade are artifacts caused when these methods are applied
to inaccurately inferred gene trees (also see Xi below). Hence we sug-
gest that gene-wise bootstrapping, which provided increased support
for the (Brachymeles, Lygosominae) clade and decreased support for the
Scincinae clade for all four coalescent methods, outperformed site-wise
bootstrapping for Linkem’s dataset. Having stated that, we acknowl-
edge that the evidence for the (Brachymeles, Lygosominae) clade is not
as strong as that for the (Crocodylia, Aves) clade for Chiari or the
(Amborella (Nuphar (other angiosperms))) topology for Xi (see below).

For Xi all four coalescent methods provided increased support for
Amborella alone as sister to the remaining extant angiosperms and re-
duced support for the (Amborella, Nuphar) clade when using gene-wise
rather than site-wise bootstrapping (Table S1). These results make sense
given that the (Amborella (Nuphar (other angiosperms))) topology was
resolved in 193% (82 vs. 28) more of the optimal gene trees than the
((Nuphar, Amborella) (other angiosperms)) topology, and an average of
117% (40.92 vs. 18.82) more of the site-wise bootstrap gene trees
(Table 3). These are the two gene-tree topologies that directly support
either of the two plausible phylogenetic hypotheses. But other gene-tree
topologies also clearly have a large impact on the results given that,
despite the (Amborella (Nuphar (other angiosperms))) topology being
resolved in 117% more of the site-wise bootstrap trees, MP-EST, NJst,
and STAR still provided 98%, 100%, and 99% site-wise bootstrap
support for the (Amborella, Nuphar) clade (Fig. 4C).

Other relevant gene-tree topologies to consider are those wherein
the clade (Amborella, Nuphar) is resolved but the topology ((Amborella,
Nuphar) (other angiosperms)) is not. There are 42 such optimal gene
trees and an average of 53.33 such gene trees in each site-wise boot-
strap pseudoreplicate. By contrast, the clade (Nuphar, other angios-
perms except Amborella) is resolved in 103 optimal gene trees and an
average of just 64.87 gene trees in each site-wise bootstrap pseudor-
eplicate. So the number of otherwise implausible gene trees that resolve
(Amborella, Nuphar) increased by 27% when applying site-wise boot-
strapping whereas the number of gene trees that support Amborella
alone as sister to the remaining angiosperms dropped by 37%. This sort
of skewed gene-tree ratio, which can be explained by more severe gene-
tree-inference errors when applying site-wise bootstrapping, can lead to
site-wise bootstrapping underestimating support (74% ASTRAL site-
wise bootstrap vs. 100% ASTRAL gene-wise bootstrap for Amborella
alone as sister) as well as site-wise bootstrapping overestimating sup-
port (98% MP-EST site-wise bootstrap support for the (Amborella,
Nuphar) clade vs. 38% MP-EST gene-wise bootstrap; Table S1).

Five reasons to prefer Amborella alone as sister rather than the clade
(Amborella, Nuphar) as sister to the remaining angiosperms that Xi
sampled are as follows. First, the (Amborella (Nuphar (other angios-
perms))) topology is resolved in 193% (82 vs. 28) more gene trees than
the ((Nuphar, Amborella) (other angiosperms)) topology (Table 3).
Second, both Xi as well as Simmons and Gatesy (2015) resolved the
(Amborella (Nuphar (other angiosperms))) topology in their con-
catenation analyses of all characters (see Simmons and Gatesy, 2016;
Simmons, 2017a for the problems caused by Xi’s tree-independent-
character-subsampling analyses). Third, ASTRAL resolved the same
topology as the concatenation-based analysis. Fourth, three recent
phylogenomic studies that have argued for the ((Nuphar, Amborella)
(other angiosperms)) topology (Goremykin et al., 2013, 2015; Xi et al.,
2014) have been challenged by re-analyses and reinterpretation of the

evidence (Drew et al., 2014; Simmons and Gatesy, 2015; Simmons
et al., 2016; Simmons, 2017a; Zhong and Betancur-R, 2017). Fifth,
multiple independent phylogenetic analyses have supported the (Am-
borella (Nuphar (other angiosperms))) topology (e.g., Mathews and
Donoghue, 1999; Moore et al., 2007; Soltis et al., 2011; Wickett et al.,
2014). Taken together, we suggest that Amborella alone as sister to the
remaining extant angiosperms is better supported than the alternative
(Amborella, Nuphar) clade for both Xi’s dataset as well as published
phylogenetic evidence considered as a whole. Hence we suggest that
gene-wise bootstrapping, which provided increased support for Am-
borella alone as sister and decreased support for the (Amborella, Nuphar)
clade for all four coalescent methods, outperformed site-wise boot-
strapping for Xi’s dataset.

Another relevant factor to consider is whether the site-wise boot-
strap is more conservative than the gene-wise bootstrap. When con-
sidering all clades resolved in the coalescent trees from each study
(Figs. S1–S4), several large differences (> 15%) between site-wise and
gene-wise bootstrap support were observed for all four coalescent
methods. Admittedly, this is a crude approach to quantifying large
differences in support given that, for example, a shift from 10% to 40%
support is not nearly as substantial as a shift from 70% to 100% support
(Felsenstein, 1985; Farris et al., 1996; Simmons and Webb, 2006). But
these differences were not restricted to weakly supported clades. Some
of the differences were of sufficient magnitude (e.g., 48–98%, 59–94%)
to change an investigator’s inference about which clades are well sup-
ported by their data, and neither bootstrapping method consistently
provided more conservative support than the other (Table 5).

Our results indicate that the gene-wise bootstrap outperformed the
site-wise bootstrap for all 12 cases examined (three studies× four
coalescent methods), site-wise bootstrapping was not consistently more
conservative than gene-wise bootstrapping, and that the different re-
sampling percentages provided by the two alternative methods can be
enough to change an investigator’s qualitative inference about which
clades are well supported by their data. Based on these results we
suggest that gene-wise resampling should be preferred over site-wise
(or gene+ site) resampling.

We identified some striking differences in support, for both site-wise
and gene-wise resampling, among different summary coalescence
methods. These differences occurred at the focal nodes of the three
studies that we examined (Fig. 4). Given that all of these methods have
the same underlying theoretical basis, the multispecies coalescent,
these results are disconcerting. Similar strong conflicts among different
coalescence methods have been noted in previous work (e.g., Gatesy
et al., 2017).

Although we only compared site-wise vs. gene-wise resampling, we
argue that our site-wise-resampling results are directly applicable to
gene+ site resampling (Seo et al., 2005; Seo, 2008). Incorporating gene
resampling will slightly lower topological incongruence among genes
sampled within a given bootstrap pseudoreplicate by excluding some
genes and sampling others more than once (Table 4). But that does not
change the fact that the gene trees inferred after application of site-
resampling will, on average, both have higher topological conflict with

Table 5
Average local posterior probability (LPP), site-wise bootstrap and gene-wise
bootstrap support among all clades shown in Figs. S1–S4.a

Dataset ASTRAL MP-EST NJst STAR

LPP Site Gene Site Gene Site Gene Site Gene

Chiari 96.4 92.8 93.5 95.3 94.8 97.0 97.2 95.6 92.9
Linkem 88.2 88.7 90.7 86.8 84.5 89.5 89.5 89.5 88.8
Xi 94.2 91.9 94.0 90.1 91.1 88.6 92.3 87.8 90.7

a Or clades with the highest contradictory bootstrap support in cases wherein
the clade shown in Figs. S1–S4 was contradicted in the extended majority-rule
bootstrap tree.
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each other and be less accurately inferred than the optimal gene trees
(Tables 1–3). Finally, Mirarab et al. (2016) did not find any statistically
significant differences when they compared site-wise vs. gene+ site
bootstrapping.

4.4. Gene-wise bootstrap versus gene-wise jackknife

When considering resampling percentages for the primary focal
clades from each of the three studies, bootstrap and jackknife using the
0.5 or e−1 deletion probabilities generally differed by only a small
extent (Fig. 4). When they differed, the jackknife support calculated
using the 0.5 deletion probability was generally more similar to the
bootstrap support than was jackknife support calculated using the e−1

deletion probability. This result extends, in the context of summary
coalescent analyses, Felsenstein’s (2004) mathematical demonstration
that delete-half jackknife values should better approximate bootstrap
values in the context of character (or here, gene-tree) conflict. But these
differences were generally minor and probably insufficient to change an
investigator’s qualitative interpretation of their results.

5. Conclusions

Genes, not sites, are the fundamental units of phylogenetic coales-
cence analyses (Maddison, 1997). When numerous genes are sampled
and summary coalescent methods are applied, gene-wise resampling
support should be favored over gene+ site or site-wise resampling
because site-wise resampling generates artifactual conflicts among gene
trees (Fig. 3) that can bias support scores. As demonstrated in Sections
3.3 and 4.3, these topological artifacts in gene trees can cause resam-
pling support in summary coalescent analyses to be alternatively over-
or underestimated, often depending on which summary coalescence
method the researcher applied. We expect these results to generalize to
other empirical coalescent studies. But we acknowledge that our cur-
rent results are based on just three studies and their generality should
be further tested.

Sayyari and Mirarab (2016) introduced a method for calculating
local posterior probabilities for clades in ASTRAL-II to address the ex-
traneous conflicts among gene trees that are caused by bootstrap re-
sampling sites. An alternative approach is to apply gene-wise resam-
pling. In addition to excluding an artifactual source of gene-tree-
estimation error, both of these methods have a time advantage given
that the optimal gene-tree topologies do not need to be re-estimated to
calculate branch support. This saved time can be better spent con-
ducting more rigorous gene-tree searches (Springer and Gatesy, 2016;
Gatesy et al., 2017), increasing precision of resampling percentages by
analyzing more pseudoreplicates (Hedges, 1992), and conducting more
thorough coalescent analyses when using MP-EST (Simmons et al.,
2016; Gatesy et al., 2017).

Gene-wise bootstrapping is already available in ASTRAL-III by ap-
plying the –gene-only option (https://github.com/smirarab/ASTRAL/
blob/master/astral-tutorial.md#multi-locus-bootstrapping). Our MSC
Tree Resampling Perl script (https://github.com/dbsloan/msc_tree_
resampling) implements both bootstrap and jackknife gene-wise re-
sampling and automates the calling of ASTRAL, MP-EST, NJst, or STAR
to analyze the generated pseudoreplicates. For summary-coalescent-
based phylogenetic analyses, we suggest that gene-wise resampling is
preferable to gene+ site or site resampling when numerous genes are
sampled.
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