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Consensus trees are used in phylogenet-
ics as summaries or representations of sets
of source trees. Here we ask ‘How good are
consensus trees?’ in the sense of how well
do individual consensus trees represent the
set of source trees for which they stand?
There are many different consensus meth-
ods and various contexts in which they may
be used (Swofford, 1991; Wilkinson, 1994;
Leclerc, 1998). Consequently, answers to our
question must be speci�c as to both method
and context. For example, majority-rule con-
sensus trees (Margush and McMorris, 1981;
Wilkinson, 1996) can provide useful graphi-
cal summaries of bootstrap or jackknife anal-
yses but can be problematic when used to
represent a set of equally optimal trees from
the analysis of a single data set (Wilkinson
and Benton, 1996). Here we focus on strict
consensus methods sensu Wilkinson (1994),
that is, methods that require unanimous
agreement among the source trees, and on
the contexts in which they are commonly
used. Contexts in which strict consensus
methods are used include the representa-
tion of the set of optimal trees for a sin-
gle data set, the comparison of simulated
trees and trees inferred from simulated data,
and the quanti�cation of the similarity of
trees derived from different data sets in stud-
ies of taxonomic congruence. Here we de-
scribe a simple measure of consensus ef-
�ciency that allows us to say how well
a particular strict consensus tree is doing
its job of faithfully representing the source
trees.

Consensus methods differ in the type of
information they represent and the level of
agreement required among the source trees
for information of that type to be included
in the consensus tree (Page, 1992). This is
re�ected in the consensus terminology of
Wilkinson (1994), as we use here, in which
the names of consensus methods combine
descriptors of the type of information (e.g.,

component, Adams) and the level of agree-
ment (e.g., strict, majority-rule).

Strict consensus trees provide informa-
tion by permitting (or, conversely, prohibit-
ing) a subset of the possible trees (Page,
1992; Wilkinson, 1994; Thorley et al., 1998).
Consensus ef�ciency is a relation between
the trees permitted by the consensus tree
and the source trees. An ideal or maxi-
mally ef�cient strict consensus tree would
permit only the source trees that it repre-
sents. Consensus trees might deviate from
the ideal in two ways. First, they might
permit trees that are not source trees, and
second they might fail to permit some of
the source trees. Both behaviors would re-
duce the correspondence between the con-
sensus and the source trees the consen-
sus is intended to represent and thereby
would reduce the ef�ciency of the consen-
sus tree. In practice, strict consensus trees
must permit all the source trees. Thus the
ef�ciency of consensus trees is maximal
when it permits only the source trees and
is reduced as it permits additional trees.
A maximally inef�cient consensus repre-
sentation is a consensus tree that prohibits
no trees (i.e., a bush) when the set of
source trees does not include all possible
binary trees. A measure of consensus ef�-
ciency (CE) that has these properties and
that ranges between values of zero (mini-
mal ef�ciency) and one (maximal ef�ciency)
is given by:

CE D (log T log C )=(log T log S)

where T is the number of possible binary
trees for the set of leaves (terminal taxa) un-
der consideration, C is the number of binary
trees permitted by the consensus tree, and S
is the number of binary source trees. Where
the source trees include polytomies, these
are interpreted as standing for all the binary
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trees that are possible resolutions of the poly-
tomies. Formulae for T and C are given by
Rohlf (1982). By convention, zero divided by
itself is taken as unity (1). Thus if the consen-
sus is abush, its ef�ciency is either zero,when
the source trees do not include all possible
binary trees, or one, when the source trees
include all possible binary trees. In the latter
case, although the consensus tree is phyloge-
netically uninformative, it is a perfectly ac-
curate representation of the source trees. CE
is related to the measure of cladistic infor-
mation content developed by Thorley et al.
(1998), essentially being equivalent to the ra-
tio of the cladistic information content of the
consensus tree and the cladistic information
content of the set of source trees.

CE ranges between zero and one only if
consensus trees are interpreted correctly. Val-
ues of CE that exceed one indicate that a con-
sensus tree has been incorrectly interpreted
as permitting fewer trees than it actually per-
mits. Such misinterpretations could happen
if, for example, a strict Adams or a majority-
rule component consensus tree is interpreted
as if it is a strict component consensus tree.
Such misinterpretations do sometimes oc-
cur. For example, Nielsen et al. (1996) in-
terpreted an Adams consensus of equally
parsimonious trees of metazoan phyla (their
Fig. 1) as if it were a strict component con-
sensus tree.

If consensus trees are interpreted correctly,
then CE gives an indication of how satis�ed
we can be with any particular consensus tree.
The CE is determined both by properties of
the source trees and by properties of the con-
sensus method. A low CE may indicate that
the consensus method has undesirable prop-
erties or that the source trees are very dis-
similar. In the latter case few relationships
are true of all the source trees and only lim-
ited agreement can be represented in any
consensus tree. Lack of resolution in strict
component consensus trees is a common
problem (Wilkinson, 1995)—sometimes due
more to undesirable properties of this con-
sensus method than to incongruence among
the source trees (Wilkinson et al., 1996). A
strict component consensus tree that has a
high CE can be accepted as a good repre-
sentation of the source trees. If its CE is
low, other strict consensus methods, such as
largest common pruned trees (Gordon,1980),
also known as greatest or maximum agree-
ment subtrees, or reduced consensus meth-

FIGURE 1. A strict RCC pro�le for 93 most-
parsimonious binary trees supported by the data of
Lucas and Luo (1993), comprising a strict component
consensus tree (a) and a single additional RCC tree (b).

ods (Wilkinson, 1994)should be investigated.
Only if all methods have a low ef�ciency can
this result be con�dently attributed to prop-
erties of the source trees, namely, their great
dissimilarity or incongruence, or of the data
on which they are based rather than to the
limitations of the strict component consen-
sus method.

Inferences from the lack of resolution
of strict component consensus trees are
widespread. A common use is to infer ex-
tensive incongruence in character data (e.g.,
Suter, 1994; Reeder, 1995) and such an infer-
ence is implicit in the use of strict component
consensus trees in total support random-
ization tests of phylogenetic data (Källersjö
et al., 1992). Where the strict component con-
sensus is used for source trees from differ-
ent sets of data, lack of resolution may be in-
terpreted as indicating strong disagreement
between the trees or between the separate
data sets (e.g., Jenner and Schram, 1999).
In a related context, resolution of a strict
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component consensus of a simulated tree
and of a tree inferred from simulated data
is sometimes used to measure the accuracy
of the inferred tree and to draw conclusions
about the reliabilities of different methods of
analysis (e.g., Wiens, 1998).Each of these uses
is reasonable where CE is high, but where CE
is low, additional work is needed to ensure
that features of strict component consensus
trees that are consequences of undesirable
properties of that method are not wrongly
attributed to properties of the source trees,
the data, or the methods of analysis.

The underlying rationale of using CE as
an indicator of possible problems with a
consensus method is implicit in Wilkinson’s
(1999) reevaluation of Lucas and Luo’s (1993)
phylogenetic study of early mammals. He
argued that a large difference between the
number of most-parsimonious source trees
and the number of trees permitted by their
strict component consensus tree suggested
that alternative consensus methods might
produce better summaries of the most-
parsimonious trees. CE provides a scaled
measure of this difference. The data yield 93
most-parsimonious binary trees (the source
trees), but their strict component consensus
(Fig. 1A) permits 31,185 trees. For this
consensus tree, CE D 0.735. Wilkinson (1999)
applied the strict reduced cladistic consen-
sus (RCC) method to the 93 source trees in an
attempt to discover a better consensus tree.
The RCC pro�le includes the strict compo-
nent consensus (Fig. 1A) and one additional
RCC tree (Fig. 1B) that is more resolved but
includes one less leaf (Adelobasileus is ex-
cluded). The latter tree permits 3,105 binary
trees (that include Adelobasileus). This RCC
tree might be considered either better or
worse than the strict component consensus
tree, depending on whether resolution or
inclusiveness is considered the more desir-
able. However, judged solely in terms of the
ef�ciency of the consensus representation
(CE D 0.840), it is a better representation of
the source trees than is the corresponding
strict component consensus tree. In this case,
it is also possible to determine the ef�ciency
of the entire RCC pro�le. Together, the two
trees permit 1,485 trees, corresponding to a
combined CE of 0.874.

To conclude, CE measures how well or
how badly a given strict consensus tree rep-
resents a set of source trees. It informs us how
satis�ed we can be with a particular consen-

sus tree and can affect what conclusions we
candrawfrom aparticular consensus tree. In-
ferring from poorly resolved consensus trees
extensive con�ict amongthe datamaybe rea-
sonable when CE is high. When CE is low,
however, the consensus tree is a poor rep-
resentation of the set of source trees. Con-
sequently, any lack of resolution can re�ect
the properties of the consensus method as
much as the properties of the source trees
or of the data. The methodological null hy-
pothesis that a low CE is due to undesirable
properties of the consensus method should
be refuted before a poorly resolved consen-
sus tree is interpreted as indicating highly
incongruent trees or data. RadCon (Thorley
and Page, 2000) computes CE measures for
a variety of strict consensus methods when
the source trees are binary.
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The operational taxonomic units (OTUs)
or terminals used in phylogenetic analyses
range from individuals (e.g., haplotypes) to
higher-level taxa (e.g., genera, families, or-
ders), depending on goals and the availabil-
ity of samples. Molecular systematic studies
typically sample at the species level or be-
low, but this is not true of all morphological
studies, some of which include genera, fam-
ilies, or orders as OTUs. The latter approach
is usually employed when goals include res-
olution of higher-level relationships within a
group that is too species-rich to sample fully
at lower taxonomic levels (e.g., Mammalia),
or when available samples (e.g., fossils) do
not permit scoring every species for every
character. Scoring characters at the level of
genera or families, for example, may per-
mit complete scoring of OTUs in which dif-
ferent character systems have been studied
in different species. This approach redu-
ces missing data in the resulting matrix
and may facilitate integration of dif�cult-to-
obtain character data (e.g., details of fetal
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membrane development) that are available
for only a limited number of species.

One problem thatemerges when superspe-
ci�c taxaareused as OTUs is taxonomicpoly-
morphism, which occurs when charactersex-
hibit two or more states within a higher-level
taxon while remaining �xed within species
(Nixon and Davis, 1991). Much has been
written in the last decade about strengths
and weaknesses of different methods of cod-
ing taxonomic polymorphisms for phyloge-
netic analysis (e.g., Nixon and Davis, 1991;
Maddison and Maddison, 1992; Donoghue,
1994; Nixon and Carpenter, 1996; Rice et al.,
1997; Bininda-Emonds et al., 1998; Wiens,
1998; Kornet and Turner, 1999; Prendini,
in press). The goal of most approaches is
to hypothesize the ancestral or plesiomor-
phic condition for each superspeci�c OTU,
or to at least narrow the �eld of possi-
bilities in ambiguous cases. On the basis
of a series of computer simulations, Wiens
(1998) concluded that coding a superspeci�c
taxon based on the most common condition

http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1367-4803^28^2916L.486[aid=1483399]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1063-5157^28^2947L.625[aid=762053]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1063-5157^28^2944L.501[aid=760673]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0737-4038^28^2913L.437[aid=760586]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1367-4803^28^2916L.486[aid=1483399]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1063-5157^28^2947L.625[aid=762053]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1063-5157^28^2944L.501[aid=760673]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0737-4038^28^2913L.437[aid=760586]

