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COMMON CLADISTIC INFORMATION AND ITS CONSENSUS
REPRESENTATION: REDUCED ADAMS AND REDUCED
CLADISTIC CONSENSUS TREES AND PROFILES

MARK WILKINSON
Department of Zoology, University of Glasgow, Glasgow G12 8QQ, Scotland*

Abstract.—Consensus trees provide a means of representing cladistic information that is com-
mon to a set of fundamental trees. An analysis of the logical relations that pertain between
different classes of cladistic information was undertaken. A general class of information, n-taxon
statements, is recognized as a form of cladistic information in terms of which triplets (three-
taxon statements), components, and subset nestings can be described. Disqualifiers (the negations
of n-taxon statements) comprise an additional class of cladistic information. As is widely rec-
ognized, strict and Adams consensus methods have problems of insensitivity and ambiguity,
respectively. New consensus methods were developed that solve these problems. The reduced
Adams consensus method was developed to facilitate the unambiguous interpretation of Adams
consensus trees. The reduced cladistic consensus method provides a solution to the problem of
graphically representing all n-taxon statements that are common to a set of fundamental trees.
A means of representing common disqualifiers using disqualifier-faithful subtrees is also sug-
gested. The utility of consensus methods is discussed in the light of the development of the
new methods, including the use of consensus trees in the measure of support and in support-
based randomization tests. [Cladistics; information; consensus; phylogeny; randomization; sup-

port; bootstrapping.]

Yet the single most important principle in cladis-
tics is that diverse fundamental cladograms may
be combined to form a single general cladogram.

—G. Nelson (1979:7)

A common problem in phylogenetic sys-
tematics is that the application of a crite-
rion of hypothesis preference, such as max-
imal clique size or parsimony, may be
insufficient to distinguish between alter-
native phylogenetic hypotheses that meet
the particular criterion equally well. Where
there are equally well-supported hypoth-
eses, it is desirable to be able to summarize
information that is common to all, or to a
majority, of the competing hypotheses. The
need to summarize information common
to a set of cladograms or trees may also
arise in more conservative approaches to
phylogenetic inference, where both opti-
mal solutions and alternatives that are only
slightly suboptimal are considered (e.g.,
Smith, 1989; Cracraft and Helm-Bychow-
ski, 1991) and where series of phylogenetic
hypotheses for the same group are based
on the analysis of different sets of data.

! E-mail: gbza58 @udcf.gla.ac.uk.

Adams (1972) introduced the idea of a
consensus tree, formed from a set of trees
(termed the fundamental trees), as a rep-
resentation of information common to the
fundamental trees. He also described two
consensus techniques. Only the second of
Adams’s techniques, which is designed for
trees with unlabeled internal nodes (i.e.,
all OTUs are terminal taxa), has been at all
widely used and thus “Adams consensus”
refers here only to this method (the
Adams-2 of Rohlf, 1982). A great variety of
consensus methods have since been de-
scribed and discussed in the literature (Ad-
ams, 1972, 1986; Nelson, 1979; Gordon,
1980, 1986, 1987; Margush and McMorris,
1981; Sokal and Rohlf, 1981; Rohlf, 1982;
Day, 1983; McMorris et al., 1983; Neu-
mann, 1983; Stinebrickner, 1984; Finden
and Gordon, 1985; Mickevich and Platnick,
1989; Page, 1989; Bremer, 1990; Swofford,
1991; Wilkinson, 1992). The most widely
used computer packages for parsimony
analysis, PAUP (Swofford, 1990) and
Hennig86 (Farris, 1988), implement one or
more consensus methods.

In this paper, I describe problems asso-
ciated with Adams and strict consensus
trees, which are the most widely employed
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consensus methods in systematics. These
problems motivated the development of
two new consensus methods. The new
methods are intended to facilitate the un-
ambiguous representation of cladistic in-
formation that is common to a set of fun-
damental trees. Algorithms for the
production of the new kinds of consensus
trees are also presented. My prime concern
is with phylogenetic inference, and
throughout, the examples and terminolo-
gy used are phylogenetic rather than, for
example, biogeographic. Thus, I refer to
terminal taxa throughout and use this as
a general term for any kind of terminal
entity represented in a tree or cladogram.

CLADISTIC INFORMATION

Consensus trees are intended to repre-
sent information common to a set of fun-
damental trees. As we shall see, what kind
of information is compared across funda-
mental trees is an important feature of a
consensus method. Here I distinguish
among several types of cladistic informa-
tion and examine their interrelations. Cla-
distic relationships are usually defined in
terms of common ancestry. A set of taxa
are more closely related to each other than
to any taxa that are not members of the set
if they share a more recent common an-
cestor than any member of the set does
with any nonmember. A statement con-
veys cladistic information precisely when
it describes some subset of the possible cla-
distic relationships among taxa or their
common ancestors. That is, information is
conveyed when some logically possible re-
lationships are prohibited or conversely
when some restricted subset of relation-
ships is asserted.

Components

A common focus of several consensus
methods is upon clades or components that
are common to fundamental trees. Com-
ponents (=clades, monophyletic groups,
holophyletic groups, clusters) are state-
ments of relationships that apply, through
inclusion or exclusion, to all taxa under

consideration. Thus the statement that A,
B, and C are a component, symbolically
[A,B,C], implies that all other taxa under
consideration are not members of that
group. The cladistic information conveyed
is that A, B, and C are more closely related
to each other than any is to any other taxon
(e.g., E, F, or G) included in the analysis
but not included in the group. Compo-
nents are the most inclusive unambiguous
single statements of cladistic information
that might be shared by a set of funda-
mental trees.

Triplets

Nelson and Platnick (1991) described
how a cladistic character can be recoded as
a set of three-taxon statements. Similarly,
the component information of a cladogram
can be expressed as a series of three-taxon
statements or triplets (Dobson, 1975; Nel-
son and Platnick, 1981:238-257; Page, 1988;
Nelson and Ladiges, 1991). Triplets cor-
respond to the triads of Adams (1986:302,
emphasis in original): “if two leaves, a and
b, separate further from the root than they
do from a third leaf, ¢, then we can say that
a and b discriminate against ¢, or the triad
t(a.b.c) = c.” Adams pointed out that triads
are analogous to the quartet concept for
unrooted trees developed by Estabrook et
al. (1985) (see also Estabrook, 1992) and
that any rooted tree can be thought of as
a set of triads. Given the analogy to the
quartet concept, I prefer the term triplet
and use this below.

When a cladogram includes more than
three terminal taxa, each triplet is less in-
clusive or complete than the correspond-
ing component statement. For example, the
statement A and B are more closely related
to each other than either is to D, symbol-
ically (A,B)D, is a triplet that represents
some of the information represented by
[A,B,C] but that conveys no information
concerning the relationships of taxa that
are not explicitly included in the triplet,
such as C, E, and F. Clearly triplets are
ambiguous with respect to the relation-
ships of taxa that are not included in the
triplet, but they are unambiguous with re-
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gard to relationships among the included
taxa.

n-taxon Statements

Both components and triplets can be
subsumed under a more general class of
cladistic information, of which they rep-
resent opposite extremes, that may be called
n-taxon statements. An n-taxon statement
is the simplest unambiguous descriptive
statement that may be true of the cladistic
relationships of a set of n taxa postulated
on a fundamental cladogram. An n-taxon
statement is a comparison of two sets of
taxa such that the taxa of the inside set are
all more closely related to each other than
they are to any members of the outside set.
The terminology refers to the symbolic
representation of n-taxon statements. In
addition, I refer to the union of inside and
outside sets as the complete set. Thus, for
the n-taxon statement (A,B,C)D,EF,G, A-
G comprise the complete set, A-C comprise
the inside set, and D-G comprise the out-
side set. The sizes of the various sets can
be represented by n,, where n is the car-
dinality of the statement and i is the car-
dinality of the inside set. Thus the above
example is a 7;-taxon statement. Triplets
are 3,-taxon statements.

Components are n-taxon statements,
where n is equal to all the taxa included
on a fundamental tree. Triplets (three-tax-
on statements) are the least inclusive yet
informative n-taxon statements. Where i <
2, the statement conveys no cladistic in-
formation. Any informative n-taxon state-
ment where n > 3 will imply some set of
informative n-taxon statements of lower
cardinality. The relationship is symmetri-
cal, so that the latter set of n-taxon state-
ments will jointly imply the former single
statement. For example, (A-C)D implies
(A,B)D, (A,C)D, and (B,C)D and vice versa.
Note also that any pair of these triplets
jointly implies the third. In the context of
consensus trees, n-taxon statements other
than components are of significance be-
cause although a component may not be
replicated in all (or indeed any) funda-
mental trees, some subset of the corre-

sponding n-taxon statements of lower
cardinality may yet represent cladistic in-
formation that is common to the funda-
mental trees.

Nestings

Adams (1986) described a relation of sub-
set nesting that may be common to a set of
fundamental trees. If A and B share a node
in common that is further from the root
than the node including A, B, C, and D,
then A and B are a subset nesting of the
larger group, symbolically {A,B}C,D. Sub-
set nestings, or just nestings, have their
analogues to components, triplets, and oth-
er n-taxon statements because they can vary
in their inclusiveness. However, if it is true
that {A,B}C, then it must also be true that
{A,B}C,D, so that any nesting can always
be stated in a form that applies to all the
taxa included in a fundamental cladogram.

The simplest cladistic interpretation of
the nesting {A,B}C,D is that A and B share
a more recent common ancestor than do A,
B, C, and D. Note that it is never possible
for A and B to share a less recent common
ancestor than do A, B, C, and D. Nestings
can also be interpreted in terms of relative
closeness of relationships of nonoverlap-
ping sets of taxa (n-taxon statements) but
only through ambiguous conjunctions of
them. Any n-taxon statement entails a cor-
responding nesting. Thus (A,B)C entails
{A,B}Cand {A,B}C,D, etc. Similarly, (A,B)D
also implies {A,B}C,D. Note that different
n-taxon statements may imply the same
nesting, so that there is a crucial asym-
metry in the relation of n-taxon statements
and nestings. In other words, a given nest-
ing does not unambiguously entail a spe-
cific n-taxon statement. For {A,B}C,D to be
true of a particular cladogram, either
(A,B)C,D could be true or just one of (A,B)C
and (A,B)D: {AB}C,D = (A,B)C and/or
(A,B)D. Any tree can be unambiguously
described with a series of components or
aseries of nestings. However, a single nest-
ing cannot be interpreted unambiguously
in terms of taxa that are more closely re-
lated to each other than to some other taxa.
Considering the information provided by
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asingle node on a tree, the nesting relation
provides a less complete description of this
information than the corresponding n-tax-
on statement. Nestings are less informative
than n-taxon statements because they pro-
hibit less.

CONSENSUS METHODS AND THEIR PROBLEMS
Strict Consensus Trees and Sensitivity

The strict consensus (Sokal and Rohlf,
1981) is the most widely used consensus
method in systematics. It includes only
those components that are replicated in all
fundamental cladograms. Other compo-
nents are collapsed to polytomies. Mar-
gush and McMorris (1981) developed the
majority-rule consensus method, which
like the strictincludes only replicated com-
ponents. As the name suggests, this meth-
od has the less stringent requirement that
components only be replicated across a ma-
jority of fundamental trees to be included
in the consensus. A further elaboration was
suggested by Bremer (1990). Like the strict
consensus, his combinable component (or
semistrict) consensus includes all compo-
nents that are replicated in all fundamental
trees. In addition, components that appear
only in some subset of the fundamental
trees will also appear in the consensus if
they are uncontradicted in those funda-
mental trees that do not include them. In
the latter trees, the component must be a
possible resolution of an incompletely re-
solved (polytomous) tree. My focus here is
upon the strict consensus method, but my
comments also apply to other consensus
methods that are based upon replicated
components.

Consider the two fundamental trees in
Figures la and 1b. There is no component
that is present in both fundamental trees.
Consequently, the strict consensus is an
unresolved bush (Fig. le). However, the
two fundamental trees do share some cla-
distic information, namely the triplet
(A,B)C. Because the common cladistic in-
formation of the fundamental trees in Fig-
ures la and 1b is not component infor-
mation, it is not represented in the strict
consensus. Insensitivity of the strict con-

sensus to some common cladistic infor-
mation has been noted previously by Ad-
ams (1986), Mickevich and Platnick (1989),
and Funk and Brooks (1990). Swofford
(1991) considered this insensitivity to be a
serious liability and noted that it has led
to the view that the strict consensus is too
strict. In the development of the reduced
consensus methods introduced in this pa-
per, an emphasis has been placed upon the
desideratum of greater sensitivity to com-
mon cladistic information (expressed as
n-taxon statements of lower cardinality
than components) than that shown by
component consensus methods.

Adams Consensus, Ambiguity, and Error

The Adams consensus technique also
compares replicated components, but
where these groupings differ it bases the
consensus upon the intersections (rather
than unions) of the sets of taxa that are
being compared. As discussed by Neu-
mann (1983), the Adams consensus is one
of a family of possible consensus methods
based on intersection rules, of which he
provided several other examples. An Ad-
ams consensus tree includes all those nest-
ings that are common to a set of funda-
mental trees (Adams, 1986). The method
parallels the strict consensus in the re-
quirement of agreement among all fun-
damental trees, but semistrict and majori-
ty-rule varieties of Adams consensus trees
are also conceivable.

The Adams consensus is sensitive to
common cladistic information other than
replicated components inasmuch as other
common cladistic information will affect
the topology of the Adams consensus. For
example, the Adams consensus (Fig. 1f) for
the two fundamental trees in Figures la
and 1b clearly contains more information
than does the corresponding strict consen-
sus (Fig. 1e). However, care is required in
the interpretation of the Adams consensus.
The grouping of A and B in the Adams
consensus reflects the fact that {A,B}C,D is
the only nesting common to both the fun-
damental trees. In this case the nesting is
implied by the common triplet (A,B)C.
However, the same nesting, and thus the
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same Adams consensus tree, can result from
different relationships that are common to
the fundamental trees. Thus the two fun-
damental trees in Figures 1c and 1d share
the different triplet (A,B)D but have the
same Adams consensus (Fig. 1f).

Any n-taxon statement, including com-
ponents, entails some nesting. If any n-tax-
on statement is common to a set of fun-
damental trees then, because this implies
a common nesting and because the Adams
consensus includes all common nesting, the
n-taxon statement will be reflected in the
Adams consensus tree. This fact gives the
Adams consensus the useful property of
displaying topological sensitivity to com-
mon cladistic information represented by
replicated n-taxon statements of lower car-
dinality than components. However, be-
cause different n-taxon statements may im-
ply the same nesting, polytomies in Adams
consensus trees are necessarily ambiguous
with respect to common n-taxon state-
ments of the fundamental trees. Whether
a particular n-taxon statement that might
be reflected in an Adams consensus tree is
true of all fundamental trees cannot be de-
termined from an inspection of the con-
sensus tree alone. Nestings may be true,
and thus appear in the Adams consensus,
when no corresponding n-taxon statement
is true of all fundamental trees. For ex-
ample, if the trees in Figures la and 1c are
the fundamental trees, then {A,B}C,D is
true for both and is reflected in the Adams
consensus (Fig. 1f), although there are no
common n-taxon statements.

Interpreting Polytomies

Nelson and Platnick (1980, 1981:257-265)
discussed polytomies in cladograms, al-
though not specifically in the context of
consensus trees. They distinguished two
possible interpretations of nonterminal
polytomies, which they described in rela-
tion to a cladogram with the topology of
the Adams consensus in Figure 1f. Inter-
pretation 1 is that “taxa A and B are more
closely related to each other than either is
to taxa C and D" (1980:87, emphasis in orig-
inal), i.e., (A,B)C,D. This interpretation
holds for polytomies in strict consensus

347
A D B C A B C D
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(@) (b)
A C B D A B D C
L | L
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A C B D A B C D

(f)
FIGURE 1. Four fundamental cladograms (a-d), the

strict consensus tree (e), and the Adams consensus
tree (f).

trees, and as such the interpretation is true
also of relationships in each of the fun-
damental trees. It is also the cladistic in-
terpretation of dichotomies.

Under interpretation 2, the cladogram
indicates that “taxa A and B are more close-
ly related to each other than either of them
is to taxon C and/or taxon D’ (1980:87-88,
emphasis in original). This is the n-taxon
statement interpretation of the nesting re-
lation {A,B}C,D described by Adams (1986).
Nelson and Platnick drew attention to the
relation between this interpretation and
(Adams) consensus trees. When the tree is
an Adams consensus, interpretation 2 can
itself be interpreted in two ways. The com-
bined statement (A,B)C and/or (A,B)D
might be thought to extend across all of
the fundamental trees so that either (A,B)C
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is true of all fundamental trees and/or
(A,B)D is true of all fundamental trees col-
lectively (interpretation 2a). Alternatively,
it might be taken to imply that each fun-
damental tree individually satisfies the
condition (A,B)C and/or (A,B)D (interpre-
tation 2b). Of these, only 2b is a legitimate
interpretation of the Adams consensus.
Each of the fundamental cladograms may
satisfy the condition (A,B)C and/or (A,B)D
in a different way (e.g., in some (A,B)C is
true and in others (A,B)D is true, but nei-
ther is true of every fundamental tree, as
in Figs. 1a, 1c). It follows that the appli-
cation of interpretations 1 and 2a to Adams
consensus trees may lead to erroneous con-
clusions.

Terminal polytomies can also be inter-
preted in different ways. They may be taken
to represent a lack of resolution or as a
statement about multiple speciation (no
subset of the included taxa being more
closely related to each other than to the
other taxa). These are soft and hard inter-
pretations, respectively (Maddison, 1989).
I assume the first of these interpretations
for the purposes of this paper.

A Three-way Trade-off

Consider again the pairs of fundamental
trees given in Figure 1. One pair (Figs. 1a,
1b) share the common triplet (A,B)C, but
no informative n-taxon statements can be
formulated regarding the relations of D. A
second pair (Figs. 1c, 1d) share the common
triplet (A,B)D, but no informative n-taxon
statement can be formulated describing the
relations of C. A third pair (Figs. 1a, 1c)
share no informative n-taxon statements.
All three pairs of trees have the same Ad-
ams consensus tree (Fig. 1f), and in each
case the strict consensus (Fig. le) is com-
pletely unresolved. Interpreted correctly,
the polytomy in the Adams consensus is
ambiguous as to which relations actually
pertain in the fundamental trees. If the am-
biguity is ignored and interpretation 1 of
Nelson and Platnick (1980) is applied to
the Adams consensus tree, then it will be
taken to imply the n-taxon statement
(A,B)C,D, which is not true for any of the
pairs of fundamental trees. If interpreta-

tion 2a is applied, then the Adams consen-
sus is taken to imply (A,B)C or (A,B)D, or
both. This is true for the first two pairs of
fundamental trees but not for the third pair.
This third pair of trees share no n-taxon
statements but do share the common nest-
ing {A,B}C,D of the Adams consensus,
which highlights the difficulty of inter-
preting the polytomies of Adams consen-
sus trees in terms of the closeness of re-
lationships between taxa.

For each pair of fundamental trees there
is simply no way of representing all and
only those n-taxon statements that are true
for all the fundamental trees on a single
consensus tree that includes all the taxa.
Thus with the first pair, no n-taxon state-
ment can be formulated for taxon D that
is true of both the fundamental trees.
Placement of this taxon in any consensus
tree leads to the three potential pitfalls: (1)
ambiguity of interpretation (Adams con-
sensus trees under interpretations 2a and
2b), (2) possible loss of information rep-
resented by true n-taxon statements that
are not component statements (strict con-
sensus trees), and (3) erroneous implica-
tions of relationships (Adams consensus
under interpretations 1 or 2a). Strict con-
sensus trees are unambiguous and contain
no errors, but they achieve this at the cost
of insensitivity. Adams consensus trees
achieve greater sensitivity but only at the
expense of either ambiguity or potential
error, depending upon their interpreta-
tion. The ambiguity of the Adams consen-
sus represents an alternative form of in-
sensitivity to common n-taxon statements
because its topological sensitivity is not ac-
companied by an interpretive sensitivity.

The reduced consensus methods de-
scribed below are intended to achieve a
greater sensitivity to cladistic information
common to a set of fundamental trees, as
compared with the strict consensus, with-
out any of the ambiguities or errors of in-
terpretation that afflict Adams consensus
trees. These methods avoid the trade-off
among ambiguity, error, and sensitivity by
allowing consensus trees to represent re-
lationships among a subset of the taxa in-
cluded in the fundamental trees. The cost
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is ambiguity concerning the relationships
of taxa that are not included in the reduced
consensus. An important consequence of
this approach is that there may not be a
unique reduced consensus for a set of fun-
damental trees. However, appropriate se-
lection of a set or profile of reduced con-
sensus trees provides a means of avoiding
the ambiguity that results from the exclu-
sion of taxa. Thus, in contrast to Nelson
(1979), a multiplicity of different trees may
be required to represent cladistic infor-
mation that is common to diverse funda-
mental cladograms and that cannot be
combined into a single consensus or gen-
eral cladogram without ambiguity, error,
or loss of information.

REDUCED ADAMS CONSENSUS TREES
AND PROFILES

One way of avoiding the ambiguity in-
herent in the polytomies of Adams con-
sensus trees is to selectively remove (prune)
branches that contribute to those polyto-
mies. If a tree can be formed by the removal
of branches from another tree then the for-
mer is a subtree of the latter. Similarly, if a
tree can be formed by the removal only of
branches that contribute to polytomies in
another tree then the former may be termed
a polytomy subtree of the latter. I adopt the
conventions that any tree is a subtree of
itself and that any tree containing poly-
tomies is a polytomy subtree of itself. A
reduced Adams consensus (RAC) tree is de-
fined as a polytomy subtree of an Adams
consensus that satisfies the three condi-
tions: (1) unambiguity—all implied rela-
tionships are true for all fundamental trees
under interpretation 1 of Nelson and Plat-
nick (1980) (simply referred to as true here-
after); (2) nonredundancy—it is not a sub-
tree of some other tree satisfying condition
1; and (3) informativeness—at least one in-
formative n-taxon statement is included in
the tree.

RAC trees are thus Adams consensus
trees that have been stripped of their am-
biguity by the selective pruning of branch-
es that imply relationships, under inter-
pretation 1, that are not true. An important

consequence of the desire for unambiguity
(condition 1) is that this condition may be
satisfied in more than one way, leading to
a collection of consensus trees rather than
a single consensus tree. I shall call the set
of RAC trees the RAC profile.

Conditions 2 and 3 relate to the com-
position of the RAC profile. For example,
if we apply interpretation 1 to all the re-
lationships indicated by the branching of
an Adams consensus tree and find that these
are true for all fundamental trees, then
there is no need to remove any branches
from the Adams consensus to achieve un-
ambiguity (condition 1). The correspond-
ing single RAC tree will therefore be to-
pologically identical to the Adams
consensus tree. However, it will differ in
its information content because the Adams
consensus allows only ambiguous inter-
pretation of polytomies, whereas the RAC
allows interpretation 1. Any polytomy sub-
tree of the Adams consensus tree would
also satisfy condition 1. However, such a
subtree would not satisfy condition 2 and
would not qualify as an RAC tree. Further-
more, such a subtree would convey only
information that is conveyed by the RAC
tree of which it is a subtree. Thus condition
2 serves to eliminate redundancy. Condi-
tion 3 disqualifies uninformative trees from
the RAC profile because they are of no in-
terest. The different RAC trees comprising
the RAC profile will each include one or
more n-taxon statements that are not im-
plied by any other RAC trees. (An algo-
rithm for the construction of RAC profiles
is described and illustrated in the Appen-
dix.)

Profiles and Primary Trees

An RAC profile for a pair of fundamental
trees, together with the strict and Adams
consensus trees, is given in Figure 2. In-
dividually, each of the three RAC trees
(Figs. 2e-g) included in the RAC profile
includes more cladistic information that is
true of the fundamental trees than does the
corresponding strict consensus tree (Fig.
2d). As a whole, the profile includes far
more information. The ambiguity of poly-
tomies suffered by the Adams consensus
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(Fig. 2c) is greatly clarified by the RAC
profile. For example, the basal polytomy
does not allow the conclusion that
(C,D,E,G,H)A is true of all fundamental
trees, although it is. The Adams consensus
merely allows the conclusion that this,
along with other interpretations, might be
true of the fundamental trees. This n-taxon
statement does not appear on any single
RAC tree, but it is entailed by the con-
junction of the last two. If (C,D,G)A (Fig.
2f) and (C,D,H,E)A (Fig. 2g) are true, then
(C,D,G,H,E)A must also be true.

The example demonstrates that deter-

mining the RAC profile is a potentially
useful way of summarizing and repre-
senting n-taxon statements that are com-
mon to a set of fundamental trees with
greater sensitivity than the strict consen-
sus method. The profile can be used alone
or simply as an aid to the interpretation of
an Adams consensus tree including all the
taxa.

RAC trees may differ both in the number
of nonredundant n-taxon statements that
they include (one for each nonbasal node)
and in the cardinality of the included
n-taxon statements (the number of includ-
ed terminal taxa), and they can be ranked
according to these features. With many
RAC profiles, these rankings may be ex-
pected to be perfectly correlated. In gen-
eral, as the number of nodes increases the
minimum number of included taxa also in-
creases. However, when RAC trees include
polytomies the tree with the most nodes
may not also be the tree with the greatest
number of included taxa. I define primary
RAC trees as those RAC trees that (1) in-
corporate the greatest number of nodes and
secondarily (2) incorporate the greatest
number of terminal taxa, subject to con-
dition 1. There may be more than one pri-
mary RAC tree. For the above example,
there is a single primary RAC tree, that
given in Figure 2g, which includes both
the largest number of taxa and the largest
number of included nodes. RAC trees that
are not primary trees are termed second-
ary.

Further Examples

The utility and properties of the RAC
method are also illustrated by the RAC trees
(Fig. 3) for the pairs of fundamental trees
in Figure 1 and a comparison with the cor-
responding strict (Fig. 1e) and Adams (Fig.
1f) consensus trees. The RAC profile for
the fundamental trees in Figures laand 1b
comprises only the single RAC tree in Fig-
ure 3a. Similarly, Figure 3b is the single
RAC tree for the fundamental trees in Fig-
ures 1c and 1d. For both sets of fundamen-
tal trees, the RAC tree unambiguously rep-
resents the single n-taxon statement that is
true of the fundamental trees. The strict
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(Fig. 1e) and Adams (Fig. 1f) consensus trees
are identical for both these pairs of fun-
damental trees despite the difference in
replicated cladistic information, and they
either fail to represent this information or
are ambiguous. The tree in Figure 3c is the
single RAC tree for the pair of fundamen-
tal trees in Figures 1b and 1d and also the
strict and Adams consensus trees. In this
case, there is a replicated component [A,B]
—equivalent to the n-taxon statement
(A,B)C,D—that appears in all three types
of consensus tree. The single RAC tree is
equivalent in both topology and interpre-
tation to the strict consensus and in topol-
ogy but not interpretation to the Adams
consensus.

The RAC profile for the fundamental
trees in Figures la and lc is empty. These
fundamental trees share no n-taxon state-
ments, although they share a common
nesting, and thus there can be no tree that
satisfies condition 3 of the definition of an
RAC tree. Thus even when the RAC profile
is empty, firmer conclusions may be drawn
about the common cladistic information
represented in the Adams consensus tree.

REDUCED CLADISTIC CONSENSUS TREES
AND PROFILES

Not all n-taxon statements that are true
of a set of fundamental trees need be im-
plied, either individually or conjointly, by
the trees comprising the RAC profile. For
example, the n-taxon statements (C,D,EF,
G,H)B and (G H)F are true for the funda-
mental trees in Figures 2a and 2b but are
not implied by the corresponding RAC
profile. The reduced cladistic consensus
concept is a method that will produce re-
duced consensus trees that include all
shared n-taxon statements and are also un-
ambiguous and subject to interpretation 1
without any danger of erroneous interpre-
tation.

A reduced cladistic consensus (RCC) tree
is defined as a tree that satisfies the three
conditions described for the RAC trees but
that is not necessarily a polytomy subtree
of an Adams consensus. Clearly, if an RCC
tree is a polytomy subtree of an Adams
consensus then it will also be an RAC tree,

A B Cc A B D

|

(c)

FIGURE 3. Three RAC (and reduced cladistic con-
sensus [RCC]) trees for pairs of fundamental trees in
Figure 1. Each tree is the sole member of the RAC
profile and is thus also the primary RAC (and RCC)
tree.

but not all RAC trees are also RCC trees
and vice versa. (An algorithm for the con-
struction of RCC profiles is described and
illustrated in the Appendix.) The RCC pro-
file for the two fundamental trees (Figs. 2a
and 2b) is given in Figure 4.

Comparison of RAC and RCC Trees
and Profiles

The RCC profile (Fig. 4) can be contrast-
ed with the RAC profile (Figs. 2e-g) and
the corresponding strict and Adams con-
sensus trees (Figs. 2c, 2d) for the same pair
of fundamental trees (Figs. 2a, 2b). The RCC
and RAC profiles differ most obviously in
the number of included trees. There is one
more RCC tree. Two of the RCC trees cor-
respond closely to particular RAC trees (Fig.
4a to Fig. 2f; Fig. 4b to Fig. 2g). The smallest
RAC and RCC trees, those in Figures 4d
and 2e, are identical. The additional RCC
tree (Fig. 4c) includes the triplet (G,H)F
that was identified earlier as an element of
common cladistic information that was not
represented in the RAC profile. The other
information conveyed by this RCC tree,
namely (G,H)A,B,C, is also provided by a
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FIGURE 4. The RCC profile for the fundamental
trees in Figures 2a and 2b.

different RCC tree (Fig. 4a) and is thus re-
dundant. The RCC trees in Figures 4a and
4b differ from the corresponding RAC trees
in the inclusion of extra taxa but not of
extra nodes. They both convey extra in-
formation, e.g., (C,D,E,G,H)B, that is absent
from the RAC profile. The statement
(D,E,G,H)C is provided by the RAC profile
only by the joint implication of RAC trees,
whereas in the RCC profile this is indicated
by a single tree (Fig. 4a) and is thus rep-
resented more directly.

The RCC profile provides a graphical so-
lution to the problem of representing all
n-taxon statements that are true of the fun-
damental trees. Furthermore, this solution
does not depend on some statements being
entailed by a combination of RCC trees;
each n-taxon statement is represented di-
rectly on one or more of the RCC trees. In
these respects, the RCC method is clearly
superior to the RAC method. Compared
with the strict and Adams consensus trees
(Fig. 2¢, 2d), the additional sensitivity pro-
vided by the RCC method is quite dra-
matic. The greater potential information
content of the RCC profile over the RAC
profile is achieved at the expense of po-
tentially greater redundancy of informa-
tion content in the RCC trees.

As with the RAC method, primary RCC
trees can be defined on the basis of the

number of nodes and number of included
taxa. In this example the correlation be-
tween numbers of nodes and taxa breaks
down. The primary RCC tree (Fig. 4b) has
the largest number of nodes but has fewer
taxa than the RCC tree in Figure 4a. For
the various pairs of fundamental trees in
Figure 1, the RCC profiles are identical to
the RAC profiles given in Figure 3. Gen-
erally, we might expect RAC profiles to
closely approximate RCC profiles in their
information content, but we cannot be con-
fident that they will capture all the infor-
mation present in the RCC profile.

RAC trees have the property of repre-
senting all n-taxon statements that are true
of just the taxa included in the particular
RAC tree. This is true also for RCC trees
when they include no polytomies, but
where polytomies are included this need
not hold. Thus, for example, (E,H)D is true
of the fundamental trees (Figs. 2a, 2b) but
is not indicated on the RCC tree in Figure
4a despite the inclusion of these three taxa.
This triplet cannot be represented on any
tree that includes G without erroneous im-
plications under interpretation 1 of the re-
lationships of G to D, E, and H. No infor-
mative n-taxon statement is true of just D,
E, G, and H. Hence, in the RCC profile the
triplet (E,H)D must be represented on an
RCC tree that excludes G (Fig. 4b). Thus,
where 7 is equal to the number of included
taxa, an RCC tree includes all true n-taxon
statements for the included taxa. However,
some n-taxon statements of lower cardi-
nality might also be true of some subset of
these taxa but not be included in the RCC
tree. When the number of taxa included in
an RCC tree is equal to the number in-
cluded in the fundamental trees (i.e., no
taxa are excluded), the RCC tree will rep-
resent all true components and is equiva-
lent to the strict consensus tree. Therefore,
if the strict consensus tree is not complete-
ly unresolved, it must also be a member of
the RCC profile.

NEGATIVE N-TAXON STATEMENTS AND
THEIR REPRESENTATION

I return now to the subject of cladistic
information and the ways in which a set
of fundamental trees might agree. Con-



1994

CLADISTIC INFORMATION AND CONSENSUS TREES

353

sider the negation of the triplet (A,B)C.
This negation states that A and B are not
more closely related to each other than they
are to C, symbolically not(A,B)C. Any
n-taxon statement has its negation, and it
is useful to distinguish between such pos-
itive and negative cladistic information.
Here I restrict the term “n-taxon state-
ment” to positive cladistic information. The
negation of an n-taxon statement shall be
called a disqualifier.

Any positive n-taxon statement entails
some set of disqualifiers. Thus (A,B)C im-
plies not(A,C)B and not(B,C)A. The rela-
tionship is symmetrical only if the tree is
dichotomous, because in this case one of
(A,B)C, (A,C)B, and (B,C)A must be true.
On a polytomous tree, there are soft and
hard interpretations of disqualifiers. The
soft interpretation of a polytomy including
A, B,and Cis that there are no disqualifiers.
The hard interpretation is that the three
possible disqualifiers, not(A,B)C, not(A,C)B,
and not(B,C)A, are all implied.

The disqualifier not(A,B)C also implies
not(A,B)C,D, so that, like nestings, any
common disqualifier can always be ex-
pressed with a cardinality equal to the
number of taxa included in the fundamen-
tal trees. Also, like nestings, a single dis-
qualifier does not imply any positive n-tax-
on statement. Thus the disqualifier
not(A,B)C implies (A,C)B or (B,C)A (di-
chotomous trees) or in addition that there
is no relationship between A, B, and C (hard
interpretation of a polytomy). Conse-
quently, a disqualifier may be true of a set
of fundamental trees, although no n-taxon
statement that would have implied it is
itself true. An example of this is provided
by the pair of fundamental trees in Figures
la and 1c. No positive n-taxon statements
are true for this pair of fundamental trees,
and thus the RCC profile is empty. How-
ever, the disqualifier not(B,D)A,C is true of
both fundamental trees. Thus the funda-
mental trees agree in some aspect of their
cladistic information content that is not re-
flected in either the RAC or the RCC pro-
file, which are both empty. Similarly, this
information is not represented in either
the strict (Fig. 1le) or Adams (Fig. 1f) con-
sensus trees. I have no suggestion as to how

disqualifiers might be determined or rep-
resented in general, but here I examine a
method that uses primary RAC or RCC
trees, or subtrees produced from them, as
a framework for the representation of com-
mon disqualifiers.

Suppose that the primary RCC (or RAC)
tree is fully dichotomous. In such a tree,
the relationships of the included taxa are
fully resolved. As a consequence, all dis-
qualifiers that are true of just the included
taxa will also be represented in the tree.
Thus the only true disqualifiers that per-
tain to any of the included taxa, and that
are not represented in the primary tree, are
those that describe relationships among
taxa that are included and those that are
not. Such disqualifiers not reflected in the
primary RCC tree must be either those that
describe the possible positions of taxa that
are excluded from the primary tree relative
to those that are included or those that only
describe relationships among taxa that are
not included in the primary RCC tree. A
fully dichotomous RCC or RAC tree can be
used as a framework upon which descrip-
tions of the possible positions of the exclud-
ed taxa can be developed. The framework
usefully summarizes those disqualifiers that
are true of just the taxa included in the
consensus. Description of possible posi-
tions is facilitated by providing the refer-
ence RCC tree with numbered internal
nodes so that specific branches can be
readily identified.

A simple example illustrating this kind
of representation is given in Figure 5,
which includes five fundamental trees
(Figs. 5a-e), the Adams (Fig. 5f) and strict
(Fig. 5g) consensus trees, and the RAC (Figs.
5h, 5i) and RCC (Figs. 5g, 5h) profiles. The
primary RAC tree is also the primary RCC
tree in this example and is provided with
numbered nodes. The fundamental clado-
grams have a common set of relationships
among taxa A~E but vary dramatically in
the position of X. The trees portray a result
that is encountered (but not exclusively)
when taxa, such as incomplete fossils, have
characters that specify some of the limits
of their relationships but are missing en-
tries for characters that would help resolve
their more precise affinities within these
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FIGURE5. Five fundamental trees (a-e); the Adams
consensus tree (f); the strict consensus tree (g), which
is also the secondary RCC tree; the primary RAC tree
(h), which is also the primary RCC tree; and the other
member of the RAC profile (i).

limits (pers. obs.). The common relation-
ships are captured by the primary RCC tree,
which excludes only the “fossil” taxon X,
whose position changes. Two disqualifiers
are true of taxon X, not(A,X)B-E and
not(D,E,X)A-C. These disqualifiers set lim-
its upon the possible positions of X relative
to the taxa included in the primary RCC
tree.

To describe possible positions, 1 adopt

the following conventions: (1) above a
node—positions on any branch that is a
descendant of that node, (2) below a node—
positions on any branch that is not a de-
scendant of that node, and (3) between
nodes—positions upon the path that links
the nodes. One of the disqualifiers,
not(A,X)B-E, is implied by the conjunction
of the two RCC trees and specifies a posi-
tion above node 2 or between nodes 1 and
2. The second, not(D,E,X)A-C, is not rep-
resented in the RCC profile and specifies
a position below node 4. These possible
positions are exactly those in which ex-
cluded taxa appear in one or more of the
fundamental trees.

Appending a list of possible positions of
excluded taxa to a fully dichotomous pri-
mary RCC or RAC tree provides one means
of representing disqualifiers that are not
reflected directly in any consensus tree. In
the above example, we can identify an in-
creasing representation of common cladis-
tic information that runs from the strict
consensus tree to the RAC profile to the
RCC profile and reaches its most complete
state with the primary RAC/RCC tree and
an appended list of possible positions of
X. With this example, I can identify no
cladistic information that is replicated in
all the fundamental trees but is not rep-
resented using the last method. I have not
incorporated the Adams consensus tree into
this sequence because its fundamental am-
biguity complicates any evaluation of its
information content.

In many cases, the primary RCC or RAC
tree will include polytomies. The inclusion
of polytomies means that not all disqual-
ifiers that are true of just the included taxa
will necessarily be included in the consen-
sus. This is a limitation of primary RCC
trees because they may not include all true
n-taxon statements (and thus implied dis-
qualifiers) that describe relationships
among the included taxa and are of lower
cardinality than the number of taxa in-
cluded in the consensus. It is true also of
primary RAC trees, although these do in-
clude all true n-taxon statements that apply
to just the included taxa. Thus, the primary
RAC tree (Fig. 3c) for the two fundamental
trees in Figures 1b and 1d includes both
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the true triplets (A,B)C and (A,B)D but does
not include the common disqualifier
not(C,D)A,B.

Polytomies may be present in any con-
sensus tree for one of two reasons: either
the polytomy is present in all of the fun-
damental trees (i.e., the fundamental trees
agree) or the polytomy reflects disagree-
ment among the fundamental trees. When
a polytomy occurs in a fundamental tree
(thatis notalso a consensus tree) then there
are no disqualifiers regarding the relation-
ships of the groups contributing to the po-
lytomy (soft interpretation). Thus, none of
the relationships implied by various pos-
sible arbitrary resolutions of the polytomy
are prohibited. If the polytomy is true of
all fundamental trees then the same soft
interpretation could be given to the po-
lytomy if it also appears in a consensus
tree. I shall call this the disqualifier-faith-
ful interpretation of a consensus polytomy.

In contrast, when a polytomy appears in
a consensus tree because of disagreement
among fundamental trees then, as the above
consideration of the polytomies of RCC and
RAC trees showed, it cannot be concluded
that there are no disqualifiers that prohibit
some relationships among the groups con-
tributing to the polytomy and that are true
of all the fundamental trees. The interpre-
tation of the polytomy must be disqualifier
neutral, in the sense that it does not pro-
hibit any possible disqualifiers. In the ab-
sence of knowledge that a consensus po-
lytomy is due to agreement or disagreement
among a set of fundamental trees, only the
disqualifier-neutral interpretation of the
consensus polytomy is necessarily safe from
possible error.

Just as a fully dichotomous RCC or RAC
tree represents all disqualifiers that are true
of just the included taxa, so will an RCC
or RAC tree that includes polytomies, pro-
vided that these polytomies are ones that
appear in all the fundamental trees. Fur-
thermore, RCC or RAC trees that include
one or more polytomies that do not satisfy
the above criterion (i.e., they are not true
of all fundamental trees) can be converted
into trees that do satisfy this criterion
through the elimination of some of the taxa
that contribute to polytomies. The result

of such elimination will be either a tree
including polytomies that can be inter-
preted as disqualifier faithful or a fully di-
chotomous tree. In either case, the result-
ing tree will accurately summarize both all
n-taxon statements and all disqualifiers that
are true of just the included taxa.

I define a disqualifier-faithful subtree
(DFS) of an RAC as a polytomy subtree of
the RAC that (1) summarizes all disquali-
fiers that are true of just the included taxa
and (2) is not a subtree of any other tree
satisfying condition 1. A parallel definition
can be produced for a DFS of an RCC tree
by substituting RCC for RAC wherever it
occurs in the above definition. When the
RAC or RCC tree includes no polytomies
or only includes polytomies that are pres-
ent in all fundamental trees, it will also be
the unique corresponding DFS. When RAC
or RCC trees are not also DFSs, they can
be converted into corresponding DFSs by
the selective removal of branches that con-
tribute to polytomies. In such cases, there
may not be a unique DFS.

The utility of DFSs, especially those that
can be formed from primary RAC or RCC
trees, is that they provide a suitable frame-
work for the description of the possible
positions of excluded taxa. The hypothet-
ical example described above illustrates the
potential of the DFS approach in cases
where many equally parsimonious trees
result from the inclusion of poorly known
fossil taxa. In such cases, groups that would
constitute replicated components, were it
not for the uncertain inclusion of poorly
known fossils, cannot be discovered using
the strict consensus method or unambig-
uously identified from an Adams consen-
sus tree. The application of this approach
to real data sets including poorly known
fossils will be discussed elsewhere. Some
suggestions regarding the construction of
DFSs and their use in determining possible
positions are given in the Appendix.

DisCUSSION

Adams Consensus and Triplet
Consensus Trees

Adams (1986) discussed the possibility
of constructing a consensus tree from all
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FIGURE 6. Two fundamental trees (a, b), the strict
consensus tree (c), and the primary RCC tree (d).
[Modified from Adams, 1986.]

triplets or three-taxon statements, such as
(A,B)C, that are common to a set of fun-
damental trees. Given that all n-taxon
statements can be represented as a series
of triplets, any triplet-based consensus
method can be expected to resemble the
RCC method described in this paper. Ad-
ams gave an example (1986: fig. 1) (pre-
sented here in Fig. 6) that emphasizes the
connection. In this example, a tree (Fig. 6d)
that is built up of all the triplets that are
common to two fundamental trees (Figs.
6a, 6b) is contrasted with the strict consen-
sus tree, which shows no resolution (Fig.
6c). The purpose of the example was to
demonstrate the shortcomings of cluster-
or component-based consensus methods,
especially the strict consensus, because
there is evidently much common structure
in the two fundamental trees. The triplet-
based tree does not include taxon K, whose
position changes in the otherwise similar

fundamental trees. Adams suggested that
devising a rationale for choosing the place-
ment of K would yield a definition for a
consensus tree, but he did not discuss this
problem further. Instead, his consideration
of subset nesting led him to conclude that
there are elements of structure (nestings)
that are common to fundamental trees and
that may be missed by the triplet approach.

The triplet-based tree of Figure 6d is both
the unique RCC and unique RAC tree for
the two fundamental trees. For Adams, a
consensus tree is one that includes all the
taxa. However, to satisfy the desiderata of
faithfulness to common cladistic infor-
mation and avoidance of ambiguity, as em-
bodied in the polytomies of Adams con-
sensus trees, this requirement must be
relaxed. In contrast to this example, it will
not always be possible to represent all trip-
lets that are true on a single unambiguous
consensus tree. When this holds, then each
RAC or RCC tree in their respective pro-
files will summarize a subset of the com-
mon triplets.

Adams (1986) also defined the full con-
sensus as containing all the nesting infor-
mation common to the fundamental trees.
He then proved that the Adams consensus
is the same as the full consensus. I agree
with Adams (1986) that nesting is infor-
mation that may be missed by some con-
sensus methods. Furthermore, this infor-
mation has a cladistic interpretation in
terms of recency of common ancestry.
However, as we have seen, the information
is ambiguous in terms of relative closeness
of relationships (n-taxon statements) and
so cannot be represented on any tree that
is unambiguous with respect to closeness
of relationships, unless it also happens to
be entailed by the unambiguous relation-
ships specified in that tree. I suggest that
the information content of Adams consen-
sus trees is not as complete as its status as
a “full” consensus implies. The RAC pro-
file provides the extra information re-
quired to allow the Adams consensus tree
to be interpreted precisely and without er-
ror. However, even when the Adams con-
sensus is interpreted in the light of an RAC
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profile, not all true n-taxon statements or
disqualifiers will necessarily be represent-
ed.

Common Pruned Trees

Gordon (1980) developed a consensus
approach that focuses upon largest com-
mon pruned trees. When two or more fun-
damental trees differ, they can be brought
into agreement by the elimination of those
taxa that have variable positions. The tree
that remains after such elimination is a
common pruned tree. Common pruned
trees are thus common subtrees. Typically,
there will be a multiplicity of common
pruned trees for a set of fundamental trees
corresponding to the elimination of dif-
ferent sets of taxa. Gordon (1980) suggested
preference for the largest common pruned
(LCP) tree, i.e., that incorporating the larg-
est number of taxa. Exact and heuristic al-
gorithms for discovering the LCP trees have
been discussed and described by Finden
and Gordon (1985) and implemented in
software by Finden (1983, 1984a, 1984b,
1984c¢).

Common pruned trees have not received
the attention that they deserve from sys-
tematic biologists. I am unaware of LCP
trees ever having been used explicitly as a
consensus in any phylogenetic study, al-
though they have been used rather infor-
mally (e.g., the reduced area cladograms of
Rosen, 1978). Indeed, my awareness of
common pruned trees is due to their in-
clusion by Swofford (1991) in a review of
consensus methods that I encountered sub-
sequent to the development of the reduced
consensus methods presented in this pa-
per.

In some respects RAC and RCC trees and
common pruned trees are fundamentally
similar. Taxa included in the fundamental
trees may be selectively eliminated from
both, and both are unambiguous, the com-
mon pruned trees because they include no
polytomies that are not themselves present
in all the fundamental trees. In many sim-
ple cases, the LCP tree is identical to the
primary RAC or RCC trees. For example,
the primary RAC/RCC tree of Figure 6d is

also the LCP tree. However, the methods
are distinct. RAC and RCC trees may in-
clude polytomies that are not part of any
fundamental tree, so that an RAC tree need
not also be a common pruned tree (e.g., the
RAC tree in Fig. 3c). Gordon (1980) also
discussed ways of regrafting pruned taxa
onto a common pruned tree so as to pro-
duce a single consensus tree including all
the taxa. Likewise, RCC and RAC trees
could be formed by regrafting of pruned
taxa onto a common pruned tree. RCC trees
can thus be thought of as particular kinds
of common pruned trees that may have
additional taxa regrafted onto them under
the constraints (1) of fidelity under inter-
pretation 1 and (2) that they are not re-
dundant subtrees of some other tree that
satisfies the first constraint. These con-
straints clearly define the limits and con-
tent of the RCC. An additional constraint
for RAC trees is that the regrafting of taxa
must yield a polytomy subtree of an Adams
consensus.

Primary RAC/RCC trees are selected
from the corresponding profile first on the
basis of numbers of nodes and only sec-
ondarily on the numbers of included taxa.
These selection criteria also distinguish
primary RAC/RCC trees from LCP trees.
Swofford (1991) provided two examples of
LCP trees that are useful here. His first
example (1991: fig. 14.6) is presented here
in Figure 7. The LCP tree (Fig. 7c) for the
two fundamental trees (Figs. 7a, 7b) is also
the primary RCC/RAC tree. Swofford
(1991:304) noted that “this approach is par-
ticularly useful when only a few taxa are
responsible for the incongruence among
trees, thereby providing a means of iden-
tifying ‘unstable’ taxa.”

The example also illustrates that not all
common pruned trees are RCC/RAC trees
and vice versa. The RAC profile is com-
pleted by a single secondary RAC tree,
(B,D)E. Similarly, the RCC profile is com-
pleted by a single secondary RCC tree (Fig.
7d). The two smaller common pruned trees
(Figs. 7e, 7f) satisfy condition 1 for the def-
inition of an RCC tree (they have an un-
ambiguous interpretation) but they are
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prising the RCC profile (c, d), and two common pruned
trees (e, f) that satisfy condition 1 but not condition
2 of the definition of RCC trees. The largest common
pruned tree (c) is also the primary RCC tree.[Modified
and extended from Swofford, 1991.]

subtrees of the second RCC tree in the pro-
file and so cannot themselves be RCC trees.
Similarly, these trees are not members of
the RAC profile because they are not po-
lytomy subtrees of the Adams consensus.

Swofford (1991:304) noted also that “like
other consensus methods the largest-com-
mon-pruned-tree approach has some un-
desirable properties that limit its utility.”
He illustrated the major problem with the
second example (1991: fig. 14.7), which is
presented here in Figure 8. The LCP tree
identified by Swofford (Fig. 8c) for the two
fundamental trees (Figs. 8a, 8b) is an un-
resolved bush. In contrast, Swofford point-
ed out that the smaller common pruned
tree (Fig. 8d) conveys more information
than the larger one. The better but smaller
common pruned tree identified by Swof-
ford is the primary RCC tree (it is also the
primary RAC tree). The apparent greater
information content of this tree over the
LCP tree is due to its inclusion of a greater
number of nodes. The criteria used in the
definition of primary RAC or RCC trees
(maximizing included nodes in preference
to included number of taxa) might also be
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FIGURE8. Two fundamental trees (a, b), a common
pruned tree (c), the primary RCC/RAC tree (d), the
unique secondary RCC tree (e), and the unique sec-
ondary RAC tree (f). [Modified and extended from
Swofford, 1991.]

usefully applied to the selection of pre-
ferred common pruned trees.

Polytomies that occur in DFSs are ones
that are also true of all fundamental trees
and thus can also be present in common
pruned trees. DFSs corresponding to pri-
mary RAC or RCC trees would also be pre-
ferred common pruned trees selected on
the basis of these criteria. Thus, algorithms
for finding DFSs could be developed by
suitable modification of the algorithms that
have been described for finding LCP trees.

Swofford’s example appears to include
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an error. The tree in Figure 8c is not in fact
the LCP tree. A set of five common pruned
trees, which each include a single addi-
tional taxa, share this status. One of these
is shown in Figure 8f. This tree is the same
as the tree identified by Swofford except
that taxon K is included also. Equally, any
one of the taxa G-K could be included in
this position giving five equally large com-
mon pruned trees. The illustrated tree (Fig.
8f) is also an RAC tree, and together with
the primary RAC tree (Fig. 8d) it completes
the RAC profile. Interpreted as an LCP tree
it is but one of five, whereas interpreted
asan RAC tree it is the only secondary RAC
tree. Similarly, the tree in Figure 8f is the
single secondary RCC. It is also the strict
consensus tree and is not a common pruned
tree. It includes the cladistic information
that is included in the set of five LCP trees.
Some of this information, (A-E)F-]J, is sim-
ply not included in the RAC profile.

The Use of Consensus Methods

Barrett et al. (1991) recently distin-
guished five distinct uses of consensus
methods:

1. to find the points of agreement among
a set of trees that are equally most
parsimonious, or nearly so, with re-
spect to a single data set (this use is
not really specific to parsimony anal-
ysis!);

2. to find points of agreement among
hypotheses based on the separate
analyses of data sets that could be
combined;

3. to estimate the degree of agreement
or disagreement among different data
sets;

4. to examine the agreement or dis-
agreement among the results of dif-
ferent methods of analysis of the same
data set; and

5. to find points of agreement among
hypotheses based on the separate
analysis of data sets that cannot be
combined.

To this list can be added

6. investigation of shared historical pat-
terns in the evolution of different lin-

eages or of lineages and biogeograph-
ic areas;

7. use of majority-rule consensus trees
to summarize the results of bootstrap-
ping; and

8. the recently developed use of the strict
consensus in the estimation of the
Bremer support for particular groups
and total support for the overall hi-
erarchical correlation between char-
acters in a cladistic data set (Killersjo
et al., 1992).

Barrett et al. (1991) provided a strong
critique of the second of these uses of con-
sensus methods and concluded that data
sets should be combined into a single anal-
ysis whenever possible. They bolstered
their argument with a hypothetical ex-
ample of two data sets. When these were
analyzed separately and a strict consensus
produced, the consensus was inconsistent
with the tree supported by the combined
data.

Barrett et al. (1991) took pains to draw a
distinction between the different uses of
consensus trees and to point out the spec-
ificity of their criticisms for the second use
only. The RCC method has been developed
in the context of the first usage, but it may
be useful in other contexts also. On this
use of consensus techniques, Barrett et al.
(1991:491) commented,

Indeed, far from wishing to criticize the use of
consensus methods in this context, we believe that
there is much to be said for them. If the most par-
simonious tree, relative to all the data, requires 50
changes in character states and the next most par-
simonious tree requires 51, one may wish to take
seriously only those clades endorsed by both trees.
Conservatism has a role to play in such cases, one
that may be well served by the method of strict
consensus.

I am in almost full agreement with this
sentiment. However, I suggest that the
greater sensitivity to common cladistic in-
formation of the RCC method over the strict
consensus renders it better suited to such
examinations of the level of agreement be-
tween fundamental trees.

Carpenter (1988) argued that the exten-
sion of consensus techniques, originally
designed for use with trees produced from
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different data sets, to the case of equally
optimal trees from a single data set (use 1)
is a misapplication. He argued that because
the consensus is less resolved than any of
the trees from which it is calculated it also
has less explanatory power. Thus, any of
the optimal trees would be a better choice
as a phylogenetic hypothesis than the con-
sensus. Ignoring the fact that, contrary to
Carpenter, some consensus methods yield
trees that may be no less resolved than
some of the equally optimal trees, the im-
portant question is how a choice can be
made between equally optimal trees.
Carpenter suggested the use of succes-
sive approximations character weighting
(Farris, 1969), and Rodrigo (1992) recently
developed compatibility and maximum
likelihood criteria of hypothesis prefer-
ence to this end. However, none of these
methods will necessarily lead to a single
optimal solution. For example, when many
equally parsimonious trees result from the
inclusion of underdetermined incomplete
fossils, the effects of the fossils are unlikely
to be ameliorated by any of these methods.
Thus it remains useful to be able to sum-
marize the common cladistic information
of a set of optimal fundamental trees.
Carpenter’s (1988) general argument also
warrants further comment. If a consensus
tree, such as the strict consensus tree, is
less resolved than any of the correspond-
ing fundamental trees then, provided the
additional resolution of the fundamental
trees is not due to zero-length branches,
the strict consensus tree will indeed be less
parsimonious than any fundamental tree.
However, the additional length is not due
to additional hypotheses of homoplasy in
the normal sense. Carpenter’s additional
homoplasy interpretation implies that the
polytomies of the consensus are hard (in-
dicating multiple specification) rather than
soft (indicating lack of resolution). This in-
terpretation is inappropriate because it
takes the consensus to assert relationships
that are in direct contradiction to some of
the relationships indicated by the funda-
mental trees. This is simply not the pur-
pose of consensus trees. The correct inter-
pretation of the polytomies is that they are
soft and that they assert neither relation-

ships that are not true of the fundamental
trees nor additional homoplasy that is not
required by any fundamental tree.

Anderburg and Tehler (1990) argued for
the use of consensus trees in relation to the
needs of taxonomic practice. They claimed
that the explanatory power of consensus
trees (or more precisely the strict consen-
sus) derives from topological consistency
among the fundamental trees rather than
from the amount of similarity that can be
explained in terms of synapomorphy.
However, they also claimed that consensus
trees should not be treated as phylogenetic
hypotheses. If consensus trees are not (con-
servative) summary statements about phy-
logenetic relationships (i.e., conservative
phylogenetic hypotheses), then how can
they be a basis for a phylogenetic classi-
fication? RAC and RCC trees are intended
to be interpreted as a set of statements about
cladistic relationships (i.e., as reduced phy-
logenetic hypotheses). Similarly, any con-
sensus tree can be taken as a phylogenetic
hypothesis that is uncontradicted by any,
or by a majority, of the fundamental trees,
provided that their polytomies are inter-
preted correctly.

The fact that the RCC profile may in-
clude more than a single RCC tree might
be seen as a disadvantage of this method
with respect to the needs of classification.
The prime motivation behind this method
is to allow the efficient graphical represen-
tation of common cladistic information.
However, inasmuch as classifications are
based upon phylogenetic conclusions, then
classifications can be based upon an RCC
profile, just as they can be based upon any
consensus tree. All that is required of the
classification is that it be able to accom-
modate uncertainty that may exist in the
hypotheses of phylogenetic relationships
upon which it is based.

Choice of Consensus Method

Mickevich and Platnick (1989) advocat-
ed the general use of the Adams consensus
in preference to the strict consensus be-
cause it shows a better fit to the funda-
mental trees. Page (1992a) questioned this
claim. He noted (1992:93) that choosing a
consensus method requires a minimum of
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two decisions: “(1) what aspect of tree
structure is considered important and (2)
what level of agreement between trees is
to be reflected in the consensus.” He also
claimed that both the strict and the Adams
consensus trees combine all the taxonomic
statements common to the fundamental
trees and that the real difference lies not
in how much structure they combine but
in what this structure is. Thus, choosing
among consensus methods involves choos-
ing among different kinds of structure.

These consensus methods focus on dif-
ferent aspects of cladistic structure; how-
ever, the different foci may reveal, and thus
be sensitive to, different amounts of cla-
distic information. Thus, the RCC profile
will summarize all common n-taxon state-
ments, including components. In contrast,
the strict consensus summarizes only com-
ponents, a subset of the cladistic infor-
mation present in the RCC profile. Here,
the choice has not been between one kind
of information or another, but between one
set of information and a more inclusive set.
Mickevich and Platnick’s (1989) advocacy
of the Adams consensus seems to be in
reference to the first decision that must be
made in choosing a consensus. They ad-
vocated the use of the method they be-
lieved to attach significance to the greatest
amount of common cladistic information.
However, their claim (1989:40) that “any
taxonomic statements shared by the clas-
sifications being compared are included in
the [Adams] consensus” goes too far. Not
all common n-taxon statements are includ-
ed in the Adams consensus; rather, they
are simply not ruled out by their ambig-
uous polytomies.

Rohlf (1982) noted that the Adams con-
sensus may include groups that do not ap-
pear in any of the fundamental trees and
preferred the strict consensus on that basis.
An example of such a Rohlf group is the
group B + F in the Adams consensus (Fig.
2c) for the pair of fundamental trees in
Figures 2a and 2b. The same Rohlf group
also appears in the smallest RAC tree (Fig.
2e), which is also an RCC tree. The inter-
pretation of the Rohlf group in the RCC/
RAC tree is unproblematic, and thus the
appearance of Rohlf groups in a consensus

is not necessarily a good reason for reject-
ing a consensus method. Avoiding Rohlf
groups limits consensus methods to the
representation of common component in-
formation with consequent insensitivity to
common n-taxon statements of lower car-
dinality. The real problem of Rohlf groups
in Adams consensus trees is the ambiguity
of the polytomies that must accompany
them and the possibility of misinterpre-
tation. The RAC and RCC methods have
been developed specifically to avoid these
problems.

When consensus methods are used to
summarize common cladistic information,
then the strict consensus is the best method
for representing just common components.
The RCC appears to be the single best
method for representing common n-taxon
statements, including components, and
renders the strict consensus redundant. If
no member of the RCC profile includes all
taxa (and is therefore also a strict consen-
sus), then the strict consensus will be an
unresolved bush. One or more DFSs formed
from primary RCC trees, together with ap-
pended lists of the possible positions of
taxa that are not included in the DFS, pro-
vide a means of representing both n-taxon
statements and additional disqualifiers. The
Adams consensus provides the best meth-
od of representing common nestings, and
the RAC facilitates the unambiguous in-
terpretation of an Adams consensus iden-
tifying those nestings that are true by vir-
tue of common n-taxon statements and
those that have a more ambiguous inter-
pretation. I advocate the use of multiple
methods because only through the com-
bined application of consensus methods
can a more complete understanding of the
common cladistic information be obtained.

Consensus and Support

Techniques that utilize consensus meth-
ods for evaluating the support for partic-
ular groups in a cladogram have been de-
veloped in the context of parsimony
analysis (Farris et al., 1982; Bremer, 1988;
Kallersjo et al., 1992). Evaluation of support
is based upon the comparison of consensus
trees for a set of optimal fundamental trees
with consensus trees for sets of fundamen-
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tal trees, including suboptimal ones. In this
approach, “a group on a considered most
parsimonious tree is supported by strong
evidence when a large increase in the
length of included trees is required before
that group is lost in the consensus” (Kail-
lersjo et al., 1992:284). Kallersjo et al. (1992)
defined the Bremer support of a group as
the difference in length between the con-
sidered tree and the shortest tree lacking
this group. Because the strict consensus tree
will not include any group that is absent
from the set of fundamental trees, Kallersjo
et al. (1992), following Bremer (1988), sug-
gested the use of this consensus method in
the assessment of support. They noted that
the minimal assessment of common struc-
ture (cladistic information) provided by the
strict consensus method is perhaps much
too strict but that other consensus tech-
niques have faults also. Kallersjo et al. also
defined total support as the sum of the Bre-
mer supports of each group.

Based as it is upon the strict consensus,
Bremer support is a measure of the support
for a particular component. Similarly, total
support as defined by Kaillersjo et al. (1992)
represents total component support. Anal-
ogous measures of support can be devel-
oped for cladistic information, other than
components, that are used in other con-
sensus methods. Further, analogous mea-
sures can be developed for alternative
methods of phylogeneticinference. For ex-
ample, where hypothesis preference is
based upon the largest cliques of compat-
ible characters, the analogue of Bremer
support would be the difference in num-
bers of included characters in the largest
clique supporting a particular component
and the largest clique that does not support
the component. The sum of the group sup-
ports would provide a clique-based total
component support. Here, I define the
general support measure as the difference
in optimized quantity between the most
optimal tree that includes a particular item
of cladistic information and the most op-
timal tree that does not include this item.
For any class of items, the total support
measure will be the sum of the individual
support measures for all items of that kind
that are included on a particular tree.

Killersjo et al. (1992) developed their to-
tal support measure in the context of con-
tributions to parsimony-based randomiza-
tion or permutation tests of cladistic data.
The randomization tests developed by Ar-
chie (1989) and Faith and Cranston (1991)
compare tree lengths of most-parsimoni-
ous trees for real data to the lengths of
shortest trees produced from randomly
permuted data. Killersj6 et al. (1992:283)
advocated support-based randomization
tests on the premise that total support pro-
vides a better measure of the extent to
which the data show ““unambiguous hi-
erarchic structure” than does tree length.
The difference is most profound when
there are equally most-parsimonious trees
and little resolution in the strict consensus.
Those groups of fundamental trees that are
not included in the strict consensus will
have a Bremer support of zero and con-
tribute nothing to total component sup-
port. Although a data set might support
minimum length trees that are signifi-
cantly shorter than those supported by
randomly permuted data, it may yet fail a
randomization test that is based upon total
component support.

As we have seen, strict consensus trees
can be highly unresolved despite the fact
that the various fundamental trees include
many common n-taxon statements of lower
cardinality than the components. Thus, the
support-based randomization test of Kal-
lersj6 et al. (1992), which uses the strict
consensus, can be expected to give spuri-
ous results. For example, a highly struc-
tured cladistic data set (containing many
characters and no incongruence) may ap-
pear not to be significantly different from
random data in a support-based random-
ization test simply because of the inclusion
of poorly known taxa that cause many
nodes to be collapsed in the strict consen-
sus. Support measures that employ the RCC
method, and thus do not focus just upon
components, may provide a better frame-
work for the further development of sup-
port-based randomization tests. As cur-
rently employed, bootstrapping is also a
component-based procedure. An n-taxon
statement of lower cardinality than the
components could have high bootstrap
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proportions even when all components that _l: A A
imply the statement have low bootstrap B B
proportions. - D c
Consensus Terminology E N E

The strict consensus is one of a family F F

of consensus methods, based on replicated
components, that also includes the major-
ity-rule and combinable component (or
semistrict) consensus methods. The Adams
consensus is analogous to the strict con-
sensus in its requirement that the nestings
represented upon the fundamental tree be
replicated in all fundamental trees; both
semistrict and majority-rule variants of the
Adams method are possible. The terms
strict, majority rule, and semistrict might
be useful as general descriptors of consen-
sus methods rather than being restricted
to the names of particular component-based
consensus methods. Thus, the strict con-
sensus should be more properly termed a
strict component consensus. Similarly, the
Adams and LCP consensus methods should
properly be termed the strict Adams and
strict LCP consensus methods.

The RCC method described in this paper
is a strict RCC method. Thus the possibility
remains that majority-rule and semistrict
RCC methods might also be developed.
There are contrasting expectations of strict
and semistrict RCC trees when the fun-
damental trees being compared include
overlapping but not equivalent collections
of terminal taxa. A strict RCC tree can only
include taxa that are common to all fun-
damental trees. The n-taxon statements that
include taxa that are not represented in all
fundamental trees cannot be replicated in
all those trees. In contrast, a semistrict RCC
tree can include taxa that are not common
to all fundamental trees provided that the
n-taxon statements including them are un-
contradicted by any of the fundamental
trees (Fig. 9).

CONCLUSIONS

Consensus trees are intended to sum-
marize cladistic information that is com-
mon to a set of fundamental trees. To un-
derstand existing consensus methods or to
have informed development of useful new
methods requires a careful consideration
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FIGURE 9. Two fundamental trees including over-
lapping but different sets of terminal taxa (a, b), the
strict RCC profile (c), and the semistrict RCC profile
(d). Both profiles contain a single RCC tree. The strict
RCC tree can only include relationships among taxa
that are common to both fundamental trees. The semi-
strict RCC tree can incorporate relationships that are
not true of both fundamental trees if they are not
contradicted by either of them.

of the nature of cladistic information. Sev-
eral classes of cladistic information can be
distinguished that interrelate in a variety
of ways. Component consensus methods
can be particularly insensitive to common
cladistic information represented by n-tax-
on statements of lower cardinality. The po-
lytomies of Adams consensus trees are am-
biguous with respect to common n-taxon
statements. The RAC method enables the
Adams consensus to be interpreted un-
ambiguously. The RCC method provides a
graphical solution to the representation of
all common n-taxon statements. In addi-
tion, common disqualifiers (negations of
n-taxon statements) can be identified using
DFSs and described by lists of their pos-
sible positions relative to one or more DFSs.
The RAC, RCC, and DFS approaches to the
problem of consensus should provide sys-
tematists with a series of tools that will
enable them to compare trees more effec-
tively. The identification of different kinds
of cladistic information may provide a
whole range of support-based measures.
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Of these, a support measure based upon
the RCC method provides a more prom-
ising approach for support-based random-
ization tests than do measures based upon
the strict consensus. Similarly, bootstrap-
ping might be enhanced by a majority-rule
RCC method.

This discussion is only a preliminary ex-
ploration of the new consensus methods.
These methods probably will have addi-
tional applications. For example, they may
provide a basis for the development of con-
sensus indices for quantifying agreement
among fundamental trees. Further explo-
ration and the practical utility of the meth-
ods would be greatly facilitated by the in-
corporation of these methods into widely
used phylogenetic inference and biogeo-
graphic software packages.
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APPENDIX

This appendix includes algorithms for the construc-
tion of RAC and RCC profiles and some preliminary
suggestions concerning the construction of DFSs and
determination of possible positions. Each algorithm
isillustrated by its application to the two fundamental
trees in Figures 2a and 2b.

Constructing the RAC Profile

The algorithm described here will produce the
complete RAC profile for a given collection of fun-
damental trees. It uses the Adams consensus as a start-
ing point. The Adams consensus method is imple-
mented in PAUP 3.0 as well as in the CONTREE
(Swofford, 1985) and COMPONENT (Page, 1992b)
software packages. Adams consensus trees can be con-
verted to RAC trees by selective elimination of taxa
that contribute to ambiguous polytomies when in-
terpretation 1 of the polytomy is not true for all the
fundamental trees, until this interpretation is true of
relationships among the remaining taxa (condition
1). The alternative ways of eliminating taxa produce
the various RAC trees that constitute the RAC profile.
Adams consensus trees are not invariant under dif-
ferent rootings of the fundamental trees; this discus-
sion applies only to rooted trees.

The algorithm makes pairwise comparisons of the
relationships of the groups that contribute to Adams
polytomies (p-groups) across the fundamental trees.
The aim of the comparison is to determine whether
each p-group of the pair comprises taxa that are more
closely related to each other than they are to any of
the taxa in the other p-group. Only when this con-
dition is met by all the fundamental trees can the two
groups be included in a single consensus tree without
implying erroneous relationships under interpreta-
tion 1, in which case the pair can be described as
being consensus compatible.

Suppose, for example, that there are three branches
from an Adams census tree polytomy that lead to the
p-groups (A,B,C), (D,E), and F. There are three pair-
wise comparisons of these p-groups given by the par-
titions ABC\DE, ABC\F, and DE\F. The condition
for consensus compatibility of the two groups con-
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tributing to the first pairwise comparison requires
that both the n-taxon statements (A,B,C)D,E and
(D,E)A,B,C are true of all fundamental trees.

Whether such a pair of n-taxon statements are con-
sistent with a tree can be determined using a method
suggested by R. Page (pers. comm.). The last common
ancestor of the taxa comprising each p-group in the
pair is determined (e.g., the last common ancestor of
A, B, and C and the last common ancestor of D and
E). Each last common ancestor identifies a component
on the fundamental tree. These components may in-
clude terminal taxa other than those included in the
p-group, and I distinguish them as c-groups. If the
intersection of the two c-groups is empty, then the
corresponding n-taxon statements for the p-groups
are consistent with the fundamental tree. If this holds
across all fundamental trees, the p-groups are con-
sensus compatible. When the pairwise comparison of
p-groups is extended to cases involving p-groups that
contribute to different polytomies in the Adams con-
sensus tree, then one p-group may be a subset of
another (the intersection of the p-groups is not empty).
Such p-groups must be considered consensus com-
patible, although the intersection of the correspond-
ing c-groups will not be empty. Prior identification
of such p-group pairs removes the step of determining
the intersection of the corresponding c-groups. Thus,
only if the intersection of the p-groups is empty and
the intersection of the corresponding c-groups is not
empty will the p-groups be consensus incompatible.

The results of each pairwise comparison of p-groups
can be usefully summarized in the form of a consen-
sus compatibility matrix, in which each p-group that
contributes a separate branch to any of the polytomies
in the Adams consensus tree is compared with every
other such p-group. A “yes” or “1” is entered into
the matrix if the pair of p-groups are consensus com-
patible. Clique analysis (Estabrook et al., 1977; Wil-
kinson, 1994) is performed on the consensus com-
patibility matrix to determine all cliques of p-groups
that are mutually consensus compatible. Cliques are
nonredundant, comprising the largest possible col-
lections of compatible characters (or in this case con-
sensus compatible p-groups), and thus the use of clique
analysis guarantees that the consensus trees gener-
ated by the algorithm satisfy condition 2 for RAC
trees. Meacham (1981) described a manual method of
compatibility analysis that identifies cliques.

The RAC profile includes an RAC tree correspond-
ing to each clique. Each RAC tree is formed from an
Adams consensus by pruning those p-groups that are
not members of the particular clique from the Adams
consensus tree. Given these preliminaries, the algo-
rithm can now be stated.

1. Determine the Adams consensus tree.

2. Compute the consensus compatibility matrix for
all p-groups in the Adams consensus tree.

3. Perform a clique analysis of the consensus com-
patibility matrix.

4. Construct an RAC tree corresponding to each
clique.

A strict consensus tree will include all those com-
ponents that are replicated across all fundamental
trees. Such components will also appear in the Adams

consensus tree, and if they appear as a p-group in the
Adams consensus they will necessarily be consensus
compatible with all other p-groups arising from the
polytomy. Comparison of strict and Adams consensus
trees can thus provide a shortcut to the completion
of some of the cells in the consensus’compatibility
matrices.

An Example

The method can be illustrated with reference to the
two fundamental trees (Figs. 2a, 2b) that Adams (1972)
used to illustrate his method. The Adams consensus
for the two trees is given in Figure 2¢, and the strict
consensus is given in Figure 2d for comparison. The
strict consensus is completely unresolved, whereas
the Adams consensus shows considerable structure.
There are two polytomies in the Adams consensus,
each of which yields three p-groups. The consensus
compatibility matrix is given in Table Al, and the
results of the clique analysis are given in Table A2.
Removing the groups that are not members of each
clique from the Adams consensus yields three trees
(Figs. 2e-g). These three trees are RAC trees, and to-
gether they comprise the RAC profile.

Constructing the RCC Profile

The following algorithm requires discovery of
n-taxon statements of highest cardinality that are true
across a set of fundamental trees. These statements
are then combined in specific ways to produce trees.
An exhaustive approach would involve formulation
of each possible n-taxon statement in turn and eval-
uation of each statement across each of the funda-
mental trees. A more efficient approach would be to
formulate all n-taxon statements that are true of a
particular fundamental tree and test only these against
the other fundamental trees. No other n-taxon state-
ments are true of the selected tree, and therefore they
cannot be true of all fundamental trees. Further ef-
ficiency could be obtained by formulating triplets that
are true of a particular fundamental tree and testing
only these against the fundamental trees. True n-tax-
on statements of higher cardinality can then be built
up through the combination of true triplets. An initial
algorithm based upon this approach was rejected in
favor of an alternative method based upon compar-
ison of the components of trees, which is more effi-
cient.

A component statement is also an n-taxon state-
ment, so that they have inside and outside sets. When
components on a pair of trees differ, they may yet
agree on some informative n-taxon statements of low-
er cardinality. The n-taxon statement of highest car-
dinality that they agree upon is given by the inter-
sections of the outside and inside sets. Thus, if two
trees for taxa A-F have the components [A-C] and
[A,C,D], the equivalent n-taxon statements are (A-
C)D-F and (A,C,D)B,EF. These components agree
upon the n-taxon statement (A,C)E,F. Components will
only agree upon an informative n-taxon statement
when the intersection of their inside sets contains
more than a single taxon and the intersection of their
outside sets is not empty.

A pairwise comparison of all the components de-
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TaBLE Al. Consensus compatibility matrix for the
six p-groups contributing to polytomies in the Adams
consensus tree of Figure 2d.

p-groups

p-groups 1 2 3 4 5
1. A —
2. BF 1 —_
3. CD,EGH 1 0 —
4. D 1 0 1 —_
5. EH 1 0 1 1 —
6. G 1 0 1 1 0

termines a set of n-taxon statements that are common
to both trees. This set can be summarized in an in-
tersection matrix. These n-taxon statements can then
be compared with components in the next funda-
mental tree, and so on. Some of these n-taxon state-
ments may be redundant (i.e., they are implied by
other n-taxon statements). An n-taxon statement is
redundant when both its inside and outside sets are
subsets of the inside and outside sets, respectively, of
some other n-taxon statement. The algorithm requires
redundant n-taxon statements to be eliminated. This
can be achieved efficiently by an eliminative pairwise
comparison that makes use of the fact that once an
n-taxon statement is identified as redundant no more
pairwise comparisons involving it need be made.
Elimination of these statements occurs each time an
intersection matrix is computed. The remaining non-
redundant set of n-taxon statements takes the place
of components, and these statements are compared
with the components of the next fundamental tree to
determine their intersection matrix and those n-taxon
statements included in it that are nonredundant. This
procedure is repeated until the components of all
remaining fundamental trees have been compared
with the common n-taxon statements remaining from
the previous comparison of trees or until there are
no common n-taxon statements. The result in the first
case is a group of true n-taxon statements of the high-
est possible cardinality that include all n-taxon state-
ment information that is common to the fundamental
trees (an hc set).

Additional efficiency can be obtained by determin-
ing the strict consensus. All components of the strict
consensus are also components in all the fundamental
trees. Thus, they can be included in the hc set, and
no comparisons involving them need be made. The
n-taxon statements of the hc set are used to construct
the RCC profile. When a group of n-taxon statements

have equivalent complete sets of included taxa, then
combining these to form a tree is a trivial exercise.
The n-taxon statements that do not have equivalent
complete sets may yet be rendered equivalent by sim-
ply removing taxa from one or more of the n-taxon
statements. This step is important for the construction
of RCC trees only when equivalence of complete sets
can be produced without the modification of one of
the original n-taxon statements in the hc setand when
any new n-taxon statement so produced is informa-
tive. This will be true when (1) one of a complete set
of one n-taxon statement is a less inclusive subset of
the complete set of some other n-taxon statement(s),
(2) the intersection of the inside sets includes at least
two taxa, and (3) the intersection of the outside sets
is not empty. All n-taxon statements that can be so
produced can be found by a pairwise examination of
the n-taxon statements of the hc set.

The algorithm can be stated as follows.

1. Determine the hc set; if this is empty then stop.

2. For each n-taxon statement in the hc set, produce
any new informative n-taxon statements with equiv-
alent complete sets that can be formed by the deletion
of taxa from other n-taxon statements in the hc set
and add them to the hc set.

3. Construct a tree for each group of n-taxon state-
ments in the hc set that has equivalent complete sets.
Add the tree so produced to the RCC profile.

An Example

The operation of the algorithm is illustrated here
for the same pair of fundamental trees used to illus-
trate the construction of the RAC profile. We begin
with the two fundamental trees in Figures 2a and 2b.
The intersection matrix summarizing the comparison
of components and the resultant n-taxon statements
are given in Table A3. Five n-taxon statements are
nonredundant:

1. (EH)A,B,C,D

2. (GH)AB,CF

3. (D,E,G,H)A,B,C

4. (CD,EGH)AB

5. (B,F)A

If there were further fundamental trees, these
n-taxon statements would be compared with the com-
ponents of the next fundamental tree to produce a
new intersection matrix, but because there are only
two trees these statements comprise the hc set. State-
ments 1, 3, and 4 can be rendered equivalent to their
complete sets by the elimination of taxon G from 3
and 4. This produces two additional n-taxon state-
ments that are added to the hc set.

6. (D,EH)A,B,C

TABLE A2. Cliques of consensus compatible p-groups determined from the consensus compatibility matrix

in Table Al.
Tree Cliques of p-groups Excluded p-groups
Figure 2e A; (B,F) (C.D,E,GH); D; (EH); G
Figure 2f A, (CDEGH); D; G (BE); (EH)
Figure 2g A; (C,D,EG,H); D; (E,H) (B,F); G
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TABLE A3.

Intersection matrix of n-taxon statements formed through the pairwise comparison of the

components of the two fundamental trees in Figures 2a and 2b. The n-taxon statements of the highest

cardinality (the hc set) are marked with an asterisk.

Components of tree 2b

Components (EH) (D,G) (B,F) (A,BF)
of tree 2a A-DF,G A-CEFH (D,E,GH)A-CF (C-EGH)ABF A,C-EGH C-EGH
(GH)A-F — — (G H)A-D,F* (GH)AB —_ —_
(F-H)A-E — — (GH)A-D (G H)A,B - —_
(E-H)A-D (E.H)A-D* —_— (E,GH)A-C (E.GH)A,B —_ —_
(D-H)A-C  (EH)A-C (D,G)A-C (D,E,G H)A-C* (E,D,GH)A,B - —_
(C-H)A,B (EH)AB (D,.G)AB (D,EGH)A,B (C-E,GH)AB* —_ —
(B-H)A (EH)A (D.GA (D,EGH)A (C-E.GH)A (B,F)A* —_

7. (CLD,EH)A,B,

No further informative n-taxon statements can be
produced by eliminating taxa from one or more of
the statements so that they have complete sets equiv-
alent to those of some other statement in the original
hc set. Trees are then constructed from the sets of
statements with equivalent complete sets. There are
four such sets: statements 3 and 4; statements 1, 6,
and 7; statement 2; and statement 3. These yield the
four RCC trees (Figs. 4a-d, respectively) that comprise
the RCC profile.

Suggestions for the Construction of DFSs

Consider the construction of one or more DFSs from
a primary RCC tree. The aim is to produce a DFS that
will be most useful for representing the possible po-
sitions of taxa that are not included. To this end, we
want to maximize primarily the number of nodes and
secondarily the number of taxa. The following con-
siderations also apply to DFSs constructed from a pri-
mary RAC tree. If the primary RCC tree is fully di-
chotomous, then it is also the DFS. Only when the
primary RCC includes polytomies is there any need
for further work. If any of the fundamental trees con-
tain no polytomies, then the polytomies in the pri-
mary RCC tree cannot be disqualifier faithful. DFSs
can thus be produced by pruning p-groups from the
primary RCC tree until the remaining polytomy sub-
tree includes no polytomies. To maximize the number
of included nodes, those p-groups that include the
fewest nodes are eliminated in preference to p-groups
including greater numbers of nodes. Because the re-
sulting DFS is dichotomous, maximizing the number
of nodes will also maximize the number of included
terminal taxa.

Where all the fundamental trees include one or
more polytomies, then constructing DFSs becomes
more complicated and requires the comparison of the
polytomies in the fundamental trees with those in
the primary RCC. The comparison is facilitated by
converting the fundamental trees into fundamental
subtrees that include only those terminal taxa that are
also included in the primary RCC. The other taxa are
simply pruned from the fundamental trees. If any of
the fundamental subtrees include no polytomy, then

a dichotomous DFS can be constructed as described
above.

Suppose, for simplicity, that the primary RCC tree
and each of the fundamental subtrees include just a
single polytomy. Each polytomy can be characterized
as a listing of p-groups. Comparing the listing of
p-groups across the primary RCC and the fundamen-
tal subtrees allows the determination of the set of
p-groups that contribute to the polytomy in each of
the fundamental trees. If the set includes less than
three p-groups, then the DFS will be dichotomous
and its construction can proceed as described above.
If this set includes three or more p-groups, then it
comprises a common subpolytomy.

Where there is a common subpolytomy, this can be
represented as such on a DFS by pruning all other
p-groups from the primary RCC tree. Whether rep-
resenting the common subpolytomy in a DFS will
produce the most useful DFS depends on the number
of nodes and taxa included in the DFS. A dichotomous
DFS that includes p-groups that are not part of a com-
mon polytomy may include more nodes. Thus the
polytomy-containing DFS can be compared with the
most useful dichotomous DFS constructed as de-
scribed above to determine which is most useful as a
framework for the description of possible positions.

An algorithm for constructing one or more DFSs
that could be used as a framework for representing
disqualifiers would need to accommodate the possi-
bility that a number of polytomies might be present
at different nodes in the primary RCC tree and in the
fundamental subtrees. This can be done by treating
each polytomy in the primary RCC tree separately,
beginning with those that are furthest from the root.

The relationship between disqualifiers and possible
positions suggests that a method for determining rep-
licated disqualifiers could be developed by comparing
one or more DFSs with the fundamental trees and
determining the positions at which excluded taxa
would have to be joined to the DFS to transform it
into the corresponding fundamental tree or subtree.
With small numbers of fundamental trees, this in-
formation can readily be determined by inspection
(Wilkinson, 1992).



