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Applying the Bootstrap in
Phylogeny Reconstruction
Pamela S. Soltis and Douglas E. Soltis

Abstract. With the increasing emphasis in biology on reconstruction of
phylogenetic trees, questions have arisen as to how confident one should be
in a given phylogenetic tree and how support for phylogenetic trees should
be measured. Felsenstein suggested that bootstrapping be applied across
characters of a taxon-by-character data matrix to produce replicate “bootstrap
data sets,” each of which is then analyzed phylogenetically, with a consensus
tree constructed to summarize the results of all replicates. The proportion of
trees/replicates in which a grouping is recovered is presented as a measure
of support for that group. Bootstrapping has become a common feature
of phylogenetic analysis. However, the interpretation of bootstrap values
remains open to discussion, and phylogeneticists have used these values in
multiple ways. The usefulness of phylogenetic bootstrapping is potentially
limited by a number of features, such as the size of the data matrix and
the underlying assumptions of the phylogeny reconstruction program. Recent
studies have explored the application of bootstrapping to large data sets and
the relative performance of bootstrapping and jackknifing.
Key words and phrases: Bootstrap, phylogeny, support, jackknife.
were quickly integrated into phylogenetic analyses.
With the increasing emphasis on tree reconstruction,
questions arose as to how confident one should be in
a given phylogenetic tree and how support for phylogenetic trees should be measured. Cavender (1978,
1981) developed an approach to assess how many steps
longer a tree needed to be than the most parsimonious
(i.e., shortest) tree(s) to be significantly longer than the
shortest tree(s), and Templeton’s (1983) test measured
whether one tree is significantly better supported than
another tree.
The bootstrap was introduced by Efron (1979; see
also Efron and Gong, 1983, Diaconis and Efron,
1983) to obtain estimates of error in nonstandard
situations by resampling the data set many times
to provide a distribution against which hypotheses
could be tested. Very soon after the introduction
of the bootstrap, Penny, Foulds and Hendy (1982)
and Penny and Hendy (1985) applied it to questions
in phylogeny reconstruction, and Felsenstein (1985)
formally proposed bootstrapping as a method for
obtaining confidence limits on phylogenies. Phylogeny
reconstruction uses a matrix of taxa (usually species

INTRODUCTION

Systematic biologists for centuries have striven to
expose the “natural order” of living things, and for
the past 150 years (since Darwin, 1859) this endeavor
has focused largely on inferring phylogeny—that is,
the evolutionary history of living organisms, or the
“tree of life” (see Box 1). Many methods, in addition to intuition, have been developed for use in phylogeny reconstruction. Explicit cladistic reconstruction
of phylogenetic trees can be traced largely to the pioneering work of Hennig (1966). Early efforts to reconstruct phylogeny were based on morphological data,
but as molecular characters became accessible, they
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Basic terms and concepts in phylogenetics

Clade—a monophyletic group; i.e., an ancestor and all of its descendants
Character—an attribute of an organism (or group of organisms); it may be a morphological, anatomical or
chemical feature or a nucleotide position, etc.
Node—a branching point on a phylogenetic tree
Phylogeny—evolutionary history of a group of organisms
Phylogenetic tree—a diagram depicting an interpretation of phylogeny
Taxon—a group of related organisms; e.g., Homo sapiens is a taxon at the rank of species, Homo is a taxon at
the rank of genus, etc.
In the figure on the right, A–F represent taxa
related as indicated by the branches. E and F are
sister species and are thus a clade; D, E and F form
a clade; C, D, E and F form a larger clade, etc.
Each node, or internal branching point, represents
an ancestor of the clade that lies “above” it.
Thus, the node indicated by the arrow is the comon ancestor of taxa A–F. Clade B–C–D–E–F is
supported by a bootstrap value of 97%.

or populations) and characters (today, generally DNA
sequence data; but also morphological, chemical or
other non-DNA characters). Felsenstein suggested that
bootstrapping be applied across characters—that is,
the characters are sampled from the data matrix with
replacement to produce replicate “bootstrap data sets,”
each of which is then analyzed phylogenetically, with
a consensus tree constructed to summarize the results
of all replicates (Boxes 2 and 3). The proportion
of trees/replicates in which a clade is recovered is
presented as a percentage and referred to variably as
the bootstrap value, bootstrap percentage (BP) or, less
commonly, bootstrap p-value.
Following Felsenstein’s (1985) explicit description
of the procedure, bootstrapping became a common
tool in phylogeny reconstruction. The fact that readily available packages of phylogenetic software such as
PHYLIP (Felsenstein) and PAUP 3.1/PAUP * (Swofford,
1998) incorporated a bootstrapping algorithm greatly
facilitated the widespread application of the bootstrap.
One reason for the popularity and importance of the
bootstrap in systematic applications is nicely summarized by Sanderson (1989): “even if one is not willing
to accept the validity of its assumptions, the bootstrap
is valuable because it provides a systematic method of
assessing the robustness of a data set to perturbation.”
Phylogenetic trees are typically presented with bootstrap values associated with the nodes (Figure 1), and

F IG . 1. Phylogenetic tree, based on DNA sequences from 11
genes (greater than 15,000 bp), showing relationships among the
basal branches of flowering plants (simplified and redrawn from
Zanis et al., 2002). Numbers above branches are bootstrap values.
Note that some nodes receive bootstrap values of 100%, indicating
strong support for these nodes, whereas other nodes receive much
weaker support (e.g., 52%, 56%).
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Constructing bootstrap data sets in phylogeny reconstruction

Constructing bootstrap data sets. The original data set of 4 taxa (A–D) each with 10 nucleotide characters is bootstrapped across characters (with replacement) to produce bootstrap
pseudoreplicates. Each pseudoreplicate contains each of the 4 original taxa, but some original
characters are represented more than once and some not at all.
Original Data Set
Taxa
A
B
C
D

Characters
1 2 3 4 5 6 7 8 9 10
CGAACCACT T
CGAACCGGT T
GGTACCGGA T
GCTAGCGCA T

Bootstrap Data Sets
Bootstrap Pseudoreplicate 1:

Bootstrap Pseudoreplicate 2:

Taxa

Taxa

A
B
C
D

Characters
8 10 7 4 1 10 2 8 5
C T AAC T GCC
G T GAC T GGC
G T GAG T GGC
C T GAG T CCG

3
A
A
T
T

A
B
C
D

Characters
1 8 10 4 2 9 2 8
CC T AGTG C
CG T AGTG G
GG T AGAG G
GC T ACAC C

5
C
C
C
G

6
C
C
C
C

Bootstrap Pseudoreplicate 3:

Bootstrap Pseudoreplicate 4:

Taxa

Taxa

A
B
C
D

3
A
A
T
T

2
G
G
G
C

Characters
5 7 1 6 9 4
CAC C T A
CGC C T A
CGG C A A
GGG C A A

4
A
A
A
A

10
T
T
T
T

many systematics journals actually require bootstrap
values or an alternative measure of support on trees.
The monumental impact of the bootstrap in systematics is provided by a perusal of articles in mainline systematics journals, such as Systematic Botany and Systematic Biology. Of the papers published in 2000 in
Systematic Botany and in 2001 in Systematic Biology,
at least 50% of the papers presented the results of phylogenetic analyses: all studies in both journals that reconstructed phylogeny used bootstrapping to measure
nodal support.

A
B
C
D

7 8
AC
GG
GC
GC

Characters
5 8 9 6 4 10 1
C CTCA T C
C GTCA T C
G ACCA T G
G CACA T G

5
C
C
C
C

INTERPRETATION OF BOOTSTRAP VALUES

The interpretation of bootstrap values has been both
murky and controversial. Felsenstein (1985) proposed
that bootstrap values of 95% or greater be considered
statistically significant and indicate “support” for a
clade; alternative nodes can be rejected if they occur in
less than 5% of the bootstrap estimates. However, bootstrap confidence levels apply to single nodes—they are
not joint confidence statements. Thus, although two
clades may each be supported at 95% and are thus
not contradictory, the confidence interval that includes
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Analyzing bootstrap data sets and the resulting phylogenetic trees

Analyzing bootstrap data sets. Each bootstrap data set is analyzed phylogenetically. The phylogenetic
trees resulting from parsimony analysis of each bootstrap data set are shown. The trees from all four
of these data sets are summarized in a consensus tree, typically a 50% majority rule consensus tree
that shows all clades recovered in at least 50% of all trees. Below, taxon A was designated the
outgroup, forcing B–C–D together; thus, no bootstrap value is given for B–C–D.

both clades may be only 90%, and the joint confidence
drops as additional nodes are considered. Joint confidence will thus be necessarily low for a large tree, even
if all nodes are strongly supported. A majority-rule
consensus tree summarizing all of the bootstrap replicates provides a set of noncontradictory nodes, each

with a rejection probability below 50%, and can be interpreted as an “overall bootstrap estimate of the phylogeny” (Felsenstein, 1985, page 786).
Many practitioners would like bootstrap values to
measure the “truth.” However, Felsenstein (1985) explicitly stated that bootstrapping provides a confidence
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interval that contains the phylogeny that would be estimated from repeated sampling of many characters from
the underlying set of all characters, NOT the true phylogeny. Thus, Felsenstein viewed bootstrap values as
measures of repeatability rather than measures of accuracy.
Hillis and Bull (1993) used simulation studies and
a laboratory-generated phylogeny to assess bootstrap
values as measures of repeatability and accuracy and
considered the precision of these estimates. They used
Felsenstein’s definitions of repeatability and accuracy
and defined precision as “the degree to which bootstrap
proportions based on a finite set of pseudosamples are
expected to match the values that would be obtained
from an infinite set of pseudosamples” (Hillis and Bull,
1993, page 183). Hillis and Bull contend that bootstrap proportions are highly imprecise, except when the
parametric values are near 0 and 1. The high variance
and corresponding imprecision of bootstrap proportions were also described by Hedges (1992; although
he referred to “precision” as “accuracy” in this paper).
Hillis and Bull concluded that the imprecision of bootstrap proportions impairs their use as measures of repeatability and suggested that analysis of a new data set
of independent characters (i.e., a true replicate rather
than a pseudoreplicate) could not be expected to yield
bootstrap proportions similar to those achieved with
the initial data set. However, their studies showed that,
for conditions they considered “typical” of most phylogenetic analyses, bootstrap proportions are biased and
conservative measures of accuracy; that is, under certain conditions, bootstrap proportions of 70% or more
usually correspond (with greater than or equal to 95%
probability) to a “real” clade. Thus, Hillis and Bull
(1993) challenged Felsenstein’s original interpretations
of bootstrap values: contrary to Felsenstein, bootstrap
values are poor measures of repeatability and poor, but
conservative, measures of accuracy.
Many systematists have adopted Hillis and Bull’s
“70%” value as an indication of support, but without
regard for the conditions under which this value was
obtained, that is, equal rates of change, symmetric
phylogeny and internodal change of 20% or less of
the characters. At least the first two conditions are
quite unrealistic for real phylogenies, and when all
of these conditions are not met, bootstrap values
of 50% or more may be overestimates of accuracy
(Hillis and Bull, 1993). Thus, bootstrap values are
perhaps poor measures of accuracy as well. For a
well-supported clade, bootstrap values will almost
always underestimate both accuracy and repeatability

(Sanderson and Wojciechowski, 2000, and references
therein).
Further analytical, theoretical and statistical work
has helped to refine the meaning of bootstrap values as
applied to phylogenies. Zharkikh and Li, using analytical and simulation approaches for the four-taxon case
(1992a, b) and a simple multinomial model (1995),
also found bootstrap values to be biased and conservative measures of accuracy, at least under conditions
when the phylogenetic method is consistent. This bias
was also noted by Felsenstein and Kishino (1993), using a simple case that did not even involve the bootstrap, and was interpreted as an effect of placing a
probability value on a prespecified hypothesis. Further statistical analysis (Efron, Halloran and Holmes,
1996; Newton, 1996) identified the source of bias in
bootstrapping in phylogenetics. Efron, Halloran and
Holmes (1996) demonstrated that the bootstrap method
itself is not biased; rather, the bias is due to the nature
of phylogenetic problems and the implementation of
bootstrapping in phylogeny reconstruction. They concluded that bootstrapping following Felsenstein (1985)
provides a “reasonable first approximation” (Efron,
Halloran and Holmes, 1996, page 13,429) to confidence levels of observed clades, with more ambitious
bootstrapping providing improved confidence levels
and an interpretation more in line with standard concepts of confidence levels and hypothesis testing. The
apparent bias observed earlier was shown to result from
dispersion effects in the joint distribution of sample and
bootstrap empirical distributions (Newton, 1996). Regarding the interpretation of “typical” bootstrap values,
Felsenstein and Kishino (1993) suggested that a conservative but straightforward approach, given a bootstrap proportion P for a given clade, is to consider
1 − P as the probability of a Type I error, that is, falsely
accepting a clade that is not there.
Is there consensus on interpretation of bootstrap values? Not exactly. Despite continued, in fact, expanded,
use of bootstrapping on phylogenies, the interpretation
of bootstrap values remains open to discussion. Although many biologists may interpret 1 − P as a highly
conservative measure of the probability of Type I error, we think that most systematists simply view bootstrap values as relative assessments of clade support
(cf. Sanderson, 1989; Hillis and Bull, 1993) rather
than strict statistical values, despite Felsenstein and
Kishino’s (1993) modification and suggestion. In this
sense, consensus has been reached among practitioners, if not among statisticians and theoreticians.
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LIMITATIONS OF THE BOOTSTRAP

The usefulness of bootstrap values for assessing even
relative confidence in clades is limited by the application of the bootstrapping procedure to topologies
rather than single variables (i.e., nodes), the effects
of varying numbers of characters on bootstrap values,
statistical bias with increased taxon sampling and the
underlying assumptions and properties of the data and
phylogeny reconstruction algorithm. As noted above,
the bootstrap as applied by Felsenstein (1985) to phylogenies provides assessments of support for specific
clades, one at a time, rather than a joint confidence
statement for the entire tree. Thus, although support
for each of several clades may be high, joint confidence
in the interrelationships among these clades cannot be
adequately assessed. Furthermore, if bootstrap values
are interpreted in a strict statistical manner, bootstrapping presents a “multiple tests” problem; that is, by
chance one in 20 clades will show significance at the
95% level. Because the problem is too complex for a
correction factor, Felsenstein (1985) assumes an a priori test, basically clade by clade, rather than multiple
comparisons.
The magnitude of bootstrap values, and thus their
usefulness for assessing support for nodes, is affected
by the number of characters—both supporting the
clade of interest and the data set as a whole. Felsenstein
(1985) showed that for “perfectly Hennigian data” (i.e.,
no conflict among characters) at least three characters
are needed to provide 95% support. With real data,
conflict among characters may require greater numbers of characters to achieve 95% support. This “rule
of three” is practical but may be far too conservative (cf. Sanderson, 1989). For example, nonconflicting
groups supported by only two characters each will necessarily receive less than 95% support. This problem
frequently arises in studies of closely related species
that have not diverged extensively (Figure 2). One solution is to generate more characters for phylogenetic
analysis. Although most molecular data sets, with their
large numbers of nucleotides, generally are not plagued
by this problem, it still arises occasionally in recently
diverged groups and is often a serious limitation for
morphological analyses.
Bootstrap values may also be affected artifactually by the total number of characters in the data set
(e.g., reviewed in Harshman, 1994; Farris et al., 1996).
Bootstrap support for a clade may decrease with the
addition to the matrix of (i) characters that are compatible with but not informative for that node (Faith

F IG . 2. Strict consensus of two most-parsimonious trees showing
phylogenetic relationships among species of the plant genus Lomatium (desert parsley) from western North America inferred from
chloroplast DNA data. Although the data set had few conflicting
characters and only two most-parsimonious trees were generated,
bootstrap values are low because of the small number of characters supporting each node. This problem is typical of recently diverged groups (redrawn from Soltis and Novak, 1997). Numbers
above branches are bootstrap values.

and Cranston, 1991), (ii) autapomorphies (Carpenter,
1992) or (iii) invariant characters (Kluge and Wolf,
1993). The expected bootstrap value (Harshman, 1994)
for a node given a matrix of n characters, r of which
support the node of interest, is 1 − (1 − r/n)n . When
r is fixed, the bootstrap value decreases as n increases,
even if the additional characters do not contradict any
of the r characters supporting the node. The addition
of such irrelevant (to the node in question) characters increases the pool of characters that may be selected for a bootstrap pseudoreplicate, thus decreasing the chance that a given relevant character will be
selected. However, because the number of chances to
be selected is greater for a larger data set, Harshman (1994) suggested that the two possible effects
of irrelevant characters might counteract each other.
To address this problem, he analyzed two exact simple cases and two empirical data sets and concluded
that the effect of irrelevant characters on bootstrap values is small over the range of numbers of characters
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likely to be included in real data sets. But, because
the number of irrelevant characters may differ among
nodes, the effect of increasing n may also differ among
nodes. To equalize the effect, Harshman recommended
adding 1000 invariant dummy characters to a matrix.
Of course, this addition may alter all bootstrap values
across the tree (cf. Farris et al., 1996). In contrast to
Harshman’s conclusions, Carpenter’s (1996) analysis
of several real data sets found large effects of irrelevant characters. This discrepancy between Harshman’s
(1994) and Carpenter’s (1996) conclusions may reflect
underlying differences in the proportion of relevant
characters in the data sets analyzed.
Bootstrap support also decreases with increasing
taxon sample size (Sanderson and Wojciechowski,
2000), despite evidence from both simulation and empirical studies for increased phylogenetic accuracy
with increased taxon sampling (e.g., Hillis, 1996;
Graybeal, 1998; Soltis et al., 1998). Sanderson and
Wojciechowski’s (2000) thorough analysis of the effects of sampling on bootstrap proportions clearly
demonstrates that bootstrap support is a function of
both taxon number and search algorithm, with all
methods (various parsimony approaches and neighbor joining) showing decreased bootstrap support as
the number of taxa increased. However, corrected
bootstrap proportions, following Efron, Halloran and
Holmes (1996; see above), remained near 95% as taxon
sample size increased, even though the conventional
bootstrap values ranged from 67% (for all 140 taxa)
to 92% (a random sample of 16 taxa). This statistical bias may likewise be overcome through iterated
bootstrapping (sensu Rodrigo, 1993) or by the complete and partial bootstrap method (Zharkikh and Li,
1995). Unfortunately, all of these correctional methods are computationally intensive, and it is precisely
those large data sets that are themselves computationally challenging that would benefit most from such corrections. Fast search options (e.g., bootstrapping under parsimony without branch swapping, in PAUP * 4.0,
Swofford, 1998; parsimony jackknifing, Farris et al.,
1996; see below), coupled with correctional methods,
may provide support levels that are less affected by increasing numbers of taxa.
The results of phylogenetic bootstrapping are only
as good as the data and tree reconstruction algorithm.
As Felsenstein (1985) noted, the character data are
assumed to be independent and identically distributed, an assumption that is generally accepted but
rarely tested, especially for nucleotide characters. Violation of this assumption will necessarily affect, to

varying extents, the outcome of tree reconstruction
and inferences of support from bootstrapping or any
other method. Felsenstein (1985, 1988) considered correlations among characters to be the “most serious
challenge” to bootstrapping in phylogeny reconstruction. Furthermore, bootstrapping can be applied to any
of the commonly used methods of phylogeny reconstruction, from clustering to neighbor joining, maximum parsimony and maximum likelihood. Because
these methods differ dramatically in their performance,
for example, when evolutionary rates are unequal
(e.g., Felsenstein, 1978; Huelsenbeck and Hillis, 1993;
Huelsenbeck, 1995) or when different programs are
used (e.g., Farris et al., 1996), bootstrap support may
thus vary with the approach (or program!). The selection of an appropriate phylogenetic method is thus
also necessary for bootstrap values to be at all informative. Finally, the specifications of the bootstrap analysis (e.g., type of branch swapping, if any) may affect
the magnitude of bootstrap values (e.g., Sanderson and
Wojciechowski, 2000; Mort, Soltis, Soltis and Mabry,
2000; DeBry and Olmstead, 2000; see below).
These limitations of the bootstrap are recognized
even by proponents of bootstrapping. Many other
systematists (see, e.g., Carpenter, 1992, 1996; Kluge
and Wolf, 1993) object philosophically to the use
of bootstrapping—or other statistical approaches—to
phylogeny reconstruction. They argue that the support
for cladistic hypotheses is evidenced by the degree of
corroboration (cf. Hennig, 1966; Wiley, 1975; Platnick
and Gaffney, 1977, 1978; Farris, 1983; Kluge, 1997,
1999) and that the application of a statistical method
requires the specification of an underlying probability distribution—which is impossible for a phylogeny
(e.g., Carpenter, 1992). Carpenter (1992, 1996) and
Kluge and Wolf (1993) further point to violations of
the assumptions of bootstrapping and other resampling
techniques, emphasizing especially that the characters
are not independent and identically distributed. Furthermore, bootstrapping assumes a close correspondence between the empirical distribution of characters
in the data set and the distribution of a larger data
set (see Felsenstein, 1985); this assumption may be
violated in real data sets. Although this violation is
widely recognized, its effects are unknown, causing
some (e.g., Wendel and Albert, 1992) to reject the use
of bootstrapping as a method for assessing support.
FAST METHODS

During the past few years, systematists have begun to analyze data sets containing hundreds of taxa.
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For example, recent analyses of flowering plant phylogeny have involved 500 or more species (e.g., Chase
et al., 1993; Soltis, Soltis and Chase, 1999; Soltis,
et al., 2000; Savolainen et al., 2000), and an analysis of
green plants and cyanobacteria contained 2,538 rbcL
sequences (Källersjö et al., 1998). From a computational standpoint, standard bootstrap, as well as jackknife, analyses pose a potential problem, especially for
large data sets. If done thoroughly and with a sufficiently large number of replicates (see Hedges, 1992),
these analyses can be extremely time consuming and,
for very large data sets, are not even practical.
One method for getting around the computational intensity of estimating nodal support using conventional
bootstrap analysis is to analyze a larger number of
replicate data sets and employ a simpler search strategy, with minimal or no branch swapping. “Branch
swapping” refers to rearrangements of branches in a
tree during the search for an optimal tree(s). For example, a “twig” is moved from “branch A” to “branch B,”
and a new optimality score is computed. If the score of
the new tree with the swapped branch is worse than
the score of the previous tree, then swapping of additional branches will continue on the original tree. If
the score improves when the twig is swapped, the new
tree is retained, and swapping begins on the new tree.
This process continues until a single optimal tree (or a
group of equally optimal trees) is obtained, or until the
search is stopped. Several “fast” (i.e., “no-swapping”)
approaches have been proposed. These fast methods
sacrifice thorough searches per bootstrap replicate for
an increased number of bootstrap replicates, perhaps
1000 or more. They are computationally faster and easier than standard methods and can be used to analyze
data sets of hundreds of taxa.
However, because fast methods, in the extreme, do
not employ branch swapping, the possible effects—
and their magnitude—of reduced search intensity on
bootstrap values are not obvious. This issue has been
explored using both empirical (Mort et al., 2000;
Sanderson and Wojciechowski, 2000) and simulated
(DeBry and Olmstead, 2000) data.
Mort et al. (2000) compared support values from
bootstrap and jackknife analyses with fast searches
(i.e., without branch swapping) with those from more
thorough searches (i.e., with branch swapping) and explored the effect of increasing the number of replicates
on bootstrap and jackknife support values. The fast
methods provide estimates similar to, although generally less than, those obtained with branch swapping
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bootstrap analyses (Mort et al., 2000). Although statistically different, support values obtained from fast
methods typically differed from those obtained with
branch swapping by only a few percentage points at
those nodes with bootstrap values greater than 85%.
However, the difference between values from fast and
more thorough searches was greater at those nodes
with weaker support. Furthermore, a relatively small
number of replicates, perhaps as few as 500, may be
sufficient to obtain repeatable values (i.e., values did
not change with 1000 or more replicates), in contrast to
Hedges’ (1992) recommendation that 2000 replicates
are necessary to ensure a 95% confidence interval for
a node receiving 95% support. Mort et al. (2000) concluded that standard bootstrapping should be employed
whenever possible, but that the fast methods certainly
are suitable for large data sets.
Sanderson and Wojciechowski (2000) also compared
the effects of search strategies on bootstrap values,
using nucleotide data across a range of taxon sampling intensities. At all sampling intensities, more
thorough search algorithms yielded higher bootstrap
values, with the differences ranging from 3% for small
taxon samples (16 taxa) to 9% for larger samples
(73 taxa) and the full data set (140 taxa). Sanderson
and Wojciechowski (2000) attributed the differences to
the ability of the more thorough searches to find a more
similar set of trees than the less thorough algorithms,
thus producing higher support values.
Simulation studies have also been conducted to evaluate the performance of the fast bootstrap (DeBry and
Olmstead, 2000). “Reduced-effort bootstrapping” (i.e.,
with little or no branch swapping) did not generate inflated support values and produced bootstrap values
similar to those computed with branch swapping at
nodes with values greater than 90%. Furthermore, although the no-swapping approach generally produced
lower values than the more thorough searches, the
magnitude of the differences varied among nodes and
among general categories of support. Therefore, no
correction term could be devised to compensate for the
differences caused by reduced search effort, a conclusion likewise reached by Mort et al. (2000).
Although additional investigation into the effects
of search intensity on bootstrap values is needed,
those studies to date concur that no-swap methods
produce more conservative bootstrap values than more
thorough searches. These differences are quite small
for nodes with values greater than 90% but increase,
somewhat unpredictably, at nodes with weak support.
The effects of taxon number, tree shape and patterns
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and rates of molecular evolution on no-swap relative to
branch-swap bootstrap values deserve further study.
JACKKNIFING VERSUS BOOTSTRAPPING IN
PHYLOGENY RECONSTRUCTION

Jackknife resampling, in which either characters or
taxa are resampled without replacement (Efron, 1979,
1982; Efron and Gong, 1983; for a review of the
jackknife, see Miller, 1974), has also been used to
assess stability of and support for phylogenetic trees
(Mueller and Ayala, 1982; Lanyon, 1985; Felsenstein,
1988).
The suitability of jackknifing versus bootstrapping
in phylogeny reconstruction has received little discussion. Felsenstein (1985) posed that “one might
wonder whether the jackknife would be a viable alternative to the bootstrap,” but he favored the bootstrap
to the “classical” jackknife, in which a single character
is deleted per replicate. Single-character deletion from
matrices with large numbers of characters would produce very similar trees from the respective replicates
and would therefore not provide especially useful measures of support. Felsenstein (1985) suggested that one
way to make the jackknife vary as much as the bootstrap would be to delete half of the characters, at random, in each replicate.
Farris et al. (1996) explored jackknifing further and
concluded that 50% deletion is too severe. They incorporated their ideas for implementing jackknife resampling with parsimony analysis in the program
JAC , which reads a matrix of nucleotide sequences,
performs jackknife resampling, reconstructs the phylogeny with or without branch swapping and presents
a tree showing group frequencies of 50% or more.
PAUP * (Swofford, 1998) also has a jackknife option
that can be used with parsimony, maximum likelihood
or distance-based phylogeny reconstruction.
OTHER APPLICATIONS:
PARAMETRIC BOOTSTRAPPING

An alternative to the standard, nonparametric bootstrap for testing specific hypotheses of relationship is
the parametric bootstrap (Efron, 1985), in which a single data set can be used to parameterize a model of
sequence evolution. This model is then used to simulate new, independent data sets, each of which is analyzed in turn to generate a distribution against which a
specific hypothesis can be tested (see, e.g., Bull et al.,
1993).

F IG . 3. Alternative hypotheses for the root of flowering plant
phylogeny (redrawn from Zanis et al., 2002).

Zanis et al. (2002) applied the parametric bootstrap
to the problem of the root of the flowering plants.
Most phylogenetic analyses place Amborella alone as
the sister to all other flowering plants (hypothesis A),
whereas a few analyses place a clade of Amborella +
water lilies (hypothesis B) or water lilies alone (hypothesis C) as sister to all other flowering plants (Figure 3; reviewed in Zanis et al., 2002). To test whether
the latter two hypotheses were significantly different
from the hypothesis of Amborella alone as sister to all
other flowering plants, Zanis et al. (2002) parameterized a model of molecular evolution across the flowering plants, used this model to simulate independent
data sets, analyzed these data sets using parsimony and
maximum likelihood and concluded that hypothesis C
could be rejected under both parsimony and likelihood
and that hypothesis B could be rejected under parsimony but not under likelihood (Figure 4). Likelihood
ratio tests with parametric bootstrapping allow for
tests of specific hypotheses that cannot be addressed
via nonparametric bootstrapping (see Huelsenbeck and
Crandall, 1997).
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F IG . 4. Results of likelihood ratio tests of the root of the flowering plants using the parametric bootstrap. Each histogram shows the
distribution of δ, the likelihood ratio test statistic, which is the difference between the optimal tree(s) supporting hypothesis B or C and
hypothesis A for data simulated under the assumption that hypothesis B or C, respectively, is correct. The observed value for the real data
is indicated by the arrow. (a) Hypothesis B vs. hypothesis A, using maximum likelihood. (b) Hypothesis C vs. hypothesis A, using maximum
likelihood. (c) Hypothesis B vs. hypothesis A, using parsimony. (d) Hypothesis C vs. hypothesis A, using parsimony (from Zanis et al., 2002).

SUMMARY
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