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Sphenodontid phylogeny and the problems of multiple
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SUMMARY

Application of optimality criteria, such as parsimony, for choosing among phylogenetic hypotheses
sometimes yields multiple optimal solutions, necessitating the application of additional methodology.
Phylogeneticists may adopt a conservative strategy of presenting only a summary of the multiple trees
and/or they may attempt to further discriminate among them. Parsimony analysis of data for Sphenodon
and its fossil relatives yields multiple trees and is used to illustrate and compare a variety of approaches
for summarizing agreement and selecting among trees. Multiple trees may result from a lack of evidence
or character incongruence. Only with the latter can techniques to discriminate among optimal trees be
effective. Adoption of secondary optimality criteria depends on the same rationale as differential
character weighting and is a poor substitute for weighting. Neither approach will necessarily solve the
problem of multiple trees or remove the need for methods that summarize agreement among them. Many
consensus methods produce summaries of optimal trees that are far from ideal. Reduced consensus
methods and disqualifier faithful subtrees may have advantages over the alternatives. Safe taxonomic
reduction may also reduce problems of multiple trees due to lack of evidence, and the experimental
pruning of taxa provides a powerful technique for investigating agreement among multiple trees. Some
consensus and weighting methods are sensitive to the treatment of arbitrary resolutions which presents
some unsolved difficulties in their use and interpretation. Multiple analyses using modern techniques
provide a more resolved hypothesis of sphenodontid interrelationships and a better understanding of
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remaining problems than previous studies.

1. INTRODUCTION

For better or worse, parsimony has become the most
widely used criterion for choosing among phylogenetic
hypotheses, particularly in studies based upon mor-
phological data. In common with some other methods,
parsimony analyses may identify multiple optimal
hypotheses. Given that the aim of phylogenetic
inference is to reconstruct the singular phylogenetic
history, multiple most parsimonious trees (MPTs) pose
problems that require additional methodology, and
there are two main strategies. Firstly, a further selection
from among the MPTs may be made. Such a selection
will be arbitrary unless based upon secondary optim-
ality criteria or differential weighting strategies and
there is a small but growing literature concerned with
such techniques (Carpenter 1988; Sharkey 1989;
Rodrigo 1992; Sang 1995). Secondly, relationships
that are common to all the fundamental trees can be
represented by one or more consensus trees. However,
consensus trees are often poorly resolved and the
degree of resolution of consensus trees is often, though
not universally, correlated with the number of mpTs.
Thus phylogeneticists have sometimes attempted to
increase the resolution of consensus trees by reducing
the numbers of fundamental trees. If the multiple MPTs
reflect alternative placements of particularly unstable
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or ‘underdetermined’ taxa, removing such taxa and
analysing only the interrelationships of the better
known taxa, an approach termed ‘taxonomic re-
duction’ (Wilkinson 19954), can sometimes lead to
dramatic reductions in the number of trees. For
example, in an analysis of rhynchosaur interrelation-
ships Wilkinson & Benton (1995) were able to reduced
the number of MpPTs from over 20000 to just two by
elimination of problematic taxa.

The problem of multiple MpTs present phylo-
geneticists with a range of methodological options and
choices. They must decide which of the general
approaches they will adopt and they must further
decide among the variant methods available for
implementing these approaches. In some cases, es-
pecially the use of consensus methods and the ap-
plication of successive approximations character
weighting, the range of variants and alternatives is
potentially bewildering. Ideally the choices made in
practice should be well informed and based on critical
evaluation of the alternatives. However, there have
been few comparative studies of these alternatives, so
that much remains to be learnt about them and there
is likely to be scope for further methodological
developments.

Fraser & Benton (1989) attempted to resolve the
relationships of the famous ‘living fossil” Sphenodon and
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2 M. Wilkinson and M. J. Benton Sphenodontid phylogeny and multiple trees

various fossil sphenodontids. Parsimony analyses of
their complete data yielded numerous mpTs which they
summarized with a strict component consensus tree.
Although they were able to resolve the more basal
branches of the sphenodontid tree this was not possible
within a crown group of eight taxa. Subsequent
analyses after removal of the most incompletely known
fossil taxa also failed to resolve crown-group relation-
ships. However, Fraser & Benton’s failure to resolve
these relationships is not due entirely to deficiencies in
their data. In addition, the consensus method and
strategy of taxonomic reduction employed have defici-
encies that limit their suitability to the task. Here we
use Fraser & Benton’s (1989) data with the aim of
resolving more fully those relationships within the
crown group that are unambiguously supported by the
parsimonious interpretation of the data. We also use
these data to illustrate some of the problems of multiple
MPTs and to compare, evaluate, and further develop
methods that can be applied to these problems.

2. MATERIALS AND METHODS

All parsimony analyses were done with PAUP 3.1.1
(Swoflord 1993), using the exact branch and bound
method that is guaranteed to find all mpTs (Hendy &
Penny 1982). PAUP was used to generate Adams
consensus trees as well as strict, semi-strict and
majority-rule component consensus trees and to prune
taxa from trees. COMPONENT 2.0 (Page 1992) was
used to construct a greatest agreement subtree and
Nelson consensus trees. MacClade 3.0.1 (Maddison &
Maddison 1992) was used to examine the effects of
selected manipulations of tree topologies on tree
statistics. REDCON was used to produce a reduced
cladistic consensus profile, TAXEQ?2 was used to
identify taxa that could be deleted under the con-
straints of safe taxonomic reduction, and PICA to rank
characters through ‘boil-downs’ using coeflicients of
character state randomness and character normal
deviates. REDCON, TAXEQ2, and PICA are DOS
programs written by the senior author and available
from him upon receipt of a disk. A reduced Adams

consensus tree, and a disqualifier faithful tree were
constructed by hand. Explanations of some terms are
provided in table 2, with some common consensus
methods summarized in table 3. Further details of the
phylogenetic analyses are presented below. All ref-
erence to ‘the original analyses’ is to Fraser & Benton’s
(1989) parsimony analysis. Consensus terminology
follows that of Wilkinson (19944).

3. REVIEW OF THE ORIGINAL ANALYSES

Fraser & Benton’s (1989) data comprise 29 binary
characters and 14 ingroup taxa plus the plesiomorphic
lepidosauromorph Youngina which was used to root the
tree (see table 1). Fraser & Benton analysed the data
with both parsimony and clique methods. Here we are
concerned only with the former. Results of clique
analysis are similar, but are complicated by problems
caused by missing data in the discovery of cliques of
mutually compatible characters (Wilkinson 19944).

Fraser & Benton’s parsimony analysis, using PAUP
2.4.1 (Swofford 1985), was performed in four stages. A
first analysis included all taxa and yielded 82 mpts
which they summarized with a strict component
consensus tree (see figure 14). Although many relation-
ships are resolved in this consensus tree, relationships
within a crown group of eight taxa are poorly resolved.
Subsequent analyses excluded taxa with: (i) less than
509%:; (i) less than 809, ; and (iii) less than 1009, of
their character states known (see figures 1 b—d). Only
the last of these analyses provided any additional
resolution of the crown group, indicating that Sphenodon
is more closely related to Clevosaurus than to Palaeo-
pleurosaurus.

4. REANALYSES

If arbitrary resolutions (zero-length branches) are
not suppressed, analysis of the complete data yields 82
binary (i.e. dichotomous or fully resolved) mpTs with
lengths of 33 steps, consistency indices of 0.879 (0.84
ignoring uninformative characters) and retention in-

Table 1. Character data for 14 ingroup sphenodontid taxa and a single outgroup (Youngina)
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characters

laxa 1-5 6-10 11-15 16-20 21-25 26-29
Youngina 00000 00000 00000 00000 00000 0000
Gephyrosaurus 11120 10000 00000 00000 00000 000?
Diphydontosaurus 11111 11100 00000 00000 00000 000?
Planocephalosaurus 11111 11101 01100 00000 00000 0000
Polysphenodon 11171 0°111 1?11? 11000 20000 00?1
Homoeosaurus 11111 01111 11112 11000 00000 ?011
Brachyrhinodon 11171 0r111 1?11? 11100 02000 00?0
Clevosaurus 11111 01111 11111 11110 00000 0010
Kallimodon 11111 01111 11112 10111 00000 ?010
Sapheosaurus PILI? 0r?1? [ddss ?1111 000?20 PPPY
Piocormus PII11 022?22 PP ?1111 020?? P70
Palaeopleurosaurus 11111 01111 11110 10111 11100 0010
Sphenodon 11111 01111 11111 11111 00011 1000
Eilenodon 11222 PIPP? 112 PpepR PPl ?10?
Toxolophosaurus 112 PLee? 112?22 [fddds PP ?10?

Phil. Trans. R. Soc. Lond. B (1996)
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Figure 1. Strict component consensus trees (a—) and a unique MPT (d) from Fraser & Benton’s (1989) original

parsimony analysis.

Table 2. Glossary of terms used to describe relations among taxa in a tree

term explanation

N-taxon statement

a statement that some specified taxa are more closely related to each other than to

some other specified taxa

component (clade or cluster)
disqualifier
subtree nesting

an n-taxon statement that applies to all taxa included in a tree
the negation of an n-taxon statement
a set of taxa (X) are a subset nesting of a more inclusive set (Y) if X have a

common ancestral node that is further from the root than the last common

ancestral node of Y

dices of 0.922. These are the same trees as found in the
original analysis of the complete data. If arbitrary
resolutions are collapsed, allowing trees including
polytomies, the number of distinct MPTs is reduced to
60. Consensus trees were constructed for both sets of
mPTs (including or excluding arbitrary resolutions)
unless the nature of the consensus method entails that
consensus trees from both sets of MPTs must be identical
(see table 3).

Phil. Trans. R. Soc. Lond. B (1996)

(a) Strict component consensus (scc)

Relationships within the crown group (see figure 1 a)
are poorly resolved, but the number of MPTs is far fewer
than the number of possible resolutions of the crown
group, suggesting that the MpTs include only a small
subset of the possible relationships and may share
much additional structure that is not reflected in the
scc tree.
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Table 3. A summary of consensus methods and their relation to the fundamental trees

consensus method

description

strict component® (Sokal & Rohlf 1981)
semi-strict component® (Hillis 1987)¢
majority-rule component” (Margush & McMorris 1981)

Nelson® (Nelson 1979; Page 1989)

Adams® (Adams 1972, 1986)

reduced Adams* (Wilkinson 1994 a)

reduced cladistic* (Wilkinson 19944, 19956)

disqualifier faithful subtree* (Wilkinson 19944, 1995 6)

greatest agreement subtree®® (Kubicka et al. 1995)°

all and only those components that occur in all
fundamentals.

all and only those uncontradicted components that
occur in any fundamental.

all and only those components that occur in more
than 50 9%, of the fundamentals.

the intersection of all cliques of components that
maximize the sum of their frequency of
representation in the fundamentals.

all and only those subset nestings that occur in all
fundamentals.

only n-taxon statements that occur in all
fundamentals. Formed by pruning taxa from
ambiguous poyltomies in Adams consensus trees.

all and only those n-taxon statements that occur in
all fundamentals.

all and only those n-taxon statements and
disqualifiers common to a set of fundamentals that
apply specifically to the set of taxa included in the
subtree.

subtree formed by pruning the fewest taxa required
to bring all fundamentals into agreement.

2 Strict in the sense of requiring agreement across all fundamentals.

b Sensitive to the treatment of arbitrary resolutions.
¢May produce multiple consensus trees (a profile).

9 Also known as combinable component consensus (Bremer 1990).

° Also known as largest common pruned tree (Gordon 1980).

(b) Semi-strict component consensus (Sscc)

For the set of 60 mPTs the sscc tree includes a single
additional group, comprising FEilenodon and Toxolo-
phosaurus, that is not present in the scc tree. This
group appears in 52 (87 9,) of the trees. For the set of
82 binary wmprs the sscc tree is identical to the
corresponding scc tree (see figure 1a). This implies that
the grouping of Eilenodon and Toxolophosaurus is contra-
dicted in one or more of the 82 mpTs and that these
contradictions are due to arbitrary resolutions that are
suppressed in the set of 60 mprs. It also illustrates
Wilkinson’s (1995¢) observation that the sscc method
may be sensitive to the treatment of arbitrary reso-
lutions.

(¢) Majority-rule component consensus (MRcc)

The Mmrcc tree for the 60 mprs is incompletely
resolved, but includes the grouping of Eilenodon and
Toxolophosaurus found in the corresponding sscc tree,
and also includes Sphenodon as their sister-taxon and
Piocormus as the sister-taxon of these three. PAUP
provides the potential to increase resolution in MRrRcc
trees by including compatible minority components.
For the 60 mpTs, the augmented MRce tree includes two
minority components and is fully resolved (see figure
2a). Applying this method to the 82 binary mpTs
produces results that differ slightly in the frequencies
with which particular components are encountered
and more substantially in which compatible minority
components are included in the consensus tree (sce
figure 24). Compare the positions of Clevosaurus and
Sapheosaurus in the two trees of figure 2. Thus, like the

Phil. Trans. R. Soc. Lond. B (1996)

ssac method, the Mrcc method may be sensitive to the
treatment of arbitrary resolutions (Wilkinson 1995¢).

(d) Nelson consensus (Nc)

Ne trees are identical to the corresponding MRGG trees
with compatible minority components (see figure 2).
Thus the Nc method is also sensitive to the treatment of
arbitrary resolutions.

(e) Adams consensus (4c)

AC trees are topologically sensitive to kinds of
agreement between fundamental trees that may not be
reflected in component consensus trees, but any
polytomies are ambiguous and require careful in-
terpretation (Wilkinson 19944). The ac tree for the
sphenodontid MpTs (see figure 3) includes two group-
ings (Lilenodon and Toxolophosaurus; and these two plus
Sphenodon) that are not present in the scc tree. Because
these three taxa are split by a dichotomy at their last
common ancestral node, we can conclude that Eilenodon
and Toxolophosaurus are always more closely related to
cach other than they arc to Sphenodon in all the mprs,
but not that they are more closely related to each other
than to any of the other taxa or groups of taxa arising
from the crown group polytomy. Nonectheless, the ac
tree indicates that there is more agreement across all
the fundamental trees than is apparent from the scc
tree.
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Sphenodontid phylogeny and multiple trees

(f) Reduced Adams consensus (RAC)

The rac profile for the sphenodontid Mpts includes
two trees (see figure 4) that are produced by pruning
either Piocormus (see figure 4a) or Sphenodon, Eilenodon
and Toxolophosaurus (see figure 40) from the ac tree (sce

(@)
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Diphydontosaurus
Planocephalosaurus
Polysphenodon

Homoeosaurus
Brachyrhinodon
Clevosaurus

Piocormus
Sphenodon
Eilenodon
Toxolophosaurus
Saphaeosaurus
Kallimodon

Palaeopleurosaurus

(b)

Gephyrosaurus
Diphydontosaurus
Pianocephalosaurus
Polysphenodon
Homoeosaurus
Brachyrhinodon
Clevosaurus
Kallimodon
Palaeopleurosaurus
Saphaeosaurus
Piocormus
Sphenodon
Eilenodon
Toxolophosaurus

80

Figure 2. Majority-rule component consensus trees with
compatible minority components for the 82 binary spheno-
dontid mpts (@) and the 60 MpTs in which arbitrary resolutions
are suppressed.

Gephyrosaurus

Diphydontosaurus

Planocephalosaurus

Polysphenodon

Homoeosaurus

Brachyrhinodon

Clevosaurus

Kallimodon

Palaeopleurosaurus

Saphaeosaurus
Piocormus

Sphenodon

Eilenodon

a1

Toxolophosaurus

Figure 3. Adams consensus tree for the sphenodontid mpTs.
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Figure 4. Reduced Adams consensus profile for the spheno-
dontid MPTs.

figure 3). The tree in figure 4a is a primary RAC tree as
it contains more nodes than the secondary tree (see
figure 4b) and it indicates that all the MpTs agree that
Sphenodon, Eilenodon and  Toxolophosaurus on the one
hand, and Kallimodon and Paleopleurosaurusarus on the
other, are more closely related to each other than they
are to all other crown-group sphenodontids with the
exception of Plocormus. The secondary rac tree indi-
cates that, in addition, Kallimodon and Palaeopleurosaurus
are more closely related to each other than to Piocormus
in all the MpTs, as was evident from the scc tree. Taken
together, the two RAC trees imply that Piocormus groups
within the Sphenodon-Eilenodon- Toxolophosaurus assem-
blage in some of the MPTs.

Although the Ac tree might be taken as indicating
these relationships also, they are not legitimate infer-
ences from the ac tree alone: the same Ac tree could be
produced from sets of fundamental trees where these
relationships do not hold across all the trees. The
relationships of Kallimodon and Palaeopleurosaurus are
represented in the scc, whereas those of Sphenodon,
Eilenodon and Toxolophosaurus are not because Piocormus
sometimes, but not always, clusters within this group.
The variable position of Piocormus makes its rep-
resentation in a consensus tree problematic. The scc
includes Piocormus, but fails to represent the relation-
ships of Sphenodon, Toxolophosaurus and Eilenodon,
whereas the ac tree includes Piocormus but this produces
ambiguity in the legitimate interpretation of the
relationships of both it and other taxa. The rRAC trees
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solve these problems by eliminating taxa that cannot
be represented on the same consensus tree without
either ambiguity or a loss of resolution.

(g) Strict-reduced cladistic consensus (Rrcc)

Wilkinson (19944a) described a case where the rcc
profile included common #n-taxon statements that are
not represented in the rRac profile. In the present case
the profile includes the scc tree (see figure 1a) and a
single additional more fully resolved, and therefore
primary, rRcc tree that is identical to the primary Rac
tree (see figure 45). Note that the secondary rac tree
(see figure 44) is a redundant subtree of the secondary
rcc tree (see figure la). The rca profile does not
include any information that is not also included in the
rac profile and differs only in how this information is
represented.

(h) Disqualifier faithful tree or subtree (Dprs)

An ideal consensus method would provide a sum-
mary of all common disqualifiers as well as all common
n-taxon statements. This ideal has yet to be realised
with a general method, but it may be approximated, if
not achieved, through the use of prss (Wilkinson
19944, 199550). A prs can be used as a framework for
the additional description of other disqualifiers that
circumscribe the possible positions of taxa that are not
included in the prs relative to the taxa that are
included, and Wilkinson & Benton (1995) have
described a method using PAUP to prune taxa from
trees for investigating these possible positions. For any
set of fundamental trees there will typically be a
multiplicity of prss. Those Drss with the greatest
number of nodes and secondarily the greatest number
of taxa will typically be most useful and, following the
terminology adopted for reduced consensus trees
(Wilkinson 1994a), we distinguish these as primary
DFSS.

There is a single primary prs for the multiple
sphenodontid trees (see figure 5) that differs from the
primary Rac/Rac (see figure 4a) tree only by the
exclusion of Clevosaurus. The DFs contains a single
polytomy at node 2 and in a Drs this indicates that the
polytomy itself and/or all possible resolutions of the
polytomy are among the fundamental trees, and thus
that there are no common disqualifiers that apply to
the three groups of taxa arising from this polytomy
(Wilkinson 19956). In the primary Rcc/RAc tree
Clevosaurus is also included in this single crown group
polytomy. This indicates that, throughout the mprs,
Clevosaurus is always more closely related to the other
crown-group sphenodontids than it is to Brachyrhinodon
or any of the more basally diverging taxa, and that
Kallimodon and Palaeopleurosaurus on the one hand, and
Sphenodon-Etlenodon and  Toxolophosaurus on the other,
are more closely related to each other than they are to
Clevosaurus. However, because the polytomies of
rRcc/RAC trees (or those of any of the other kinds of
consensus trees discussed thus far) cannot be assumed
to be disqualifier faithful they do not imply that all
possible resolutions are equally parsimonious. In fact,

Phil. Trans. R. Soc. Lond. B (1996)

all the mpts agree that Clevosaurus is not more closely
related to Kallimodon and Palaeopleurosaurus than it is to
the other crown-group sphenodontids. This common
disqualifier cannot be easily represented with the aid of
the primary Rcc/RAC tree but can be represented semi-
graphically by describing the possible positions of
Clevosaurus relative to the numbered nodes of the prs.

We have summarized common disqualifiers as lists of
possible positions of the excluded taxa (Piocormus and
Clevosaurus) in the legend to see figure 5. This approach
summarizes more agreement among the sphenodontid
trees than any of the other consensus methods
considered thus far. Indeed, we have found no simple
common disqualifiers that are not represented by the
combination of DpFs and list of possible positions of
excluded taxa. However, as Wilkinson (1994 4) pointed
out, this approach may fall short of the ideal because
some disqualifiers reflecting the relationships among
excluded taxa are not easy to determine or to describe
relative to the prs. Thus it is not easy to represent
whether or not the two excluded taxa Piocormus and
Clevosaurus may be more closely related to each other
than to any other sphenodontids or not. There is also
some further agreement across the sphenodontid mprs
that cannot be described by simple disqualifiers or n-
taxon statements and that cannot be simply repre-
sented graphically in trees or semi-graphically through
reference to possible positions in trees. For example,
although Clevosaurus may be more closely related to
Sapheosaurus than to any other crown-group spheno-
dontid this is only ever the case when Sphenodon,
Eilenodon, Toxolophosaurus and Sapheosaurus are more
closely related to each other than any one of them is to
Kallimodon and Palacopleurosaurus. This agreement could
be represented by more complex conjunctions of
disqualifiers and n-taxon statements and an ideal
method would facilitate its graphical or semi-graphical
representation through reference to a consensus tree.
Unfortunately, it cannot be claimed that any existing
method fulfils this desideratum.

(i) Greatest agreement subtree (cas)

There is a single cas for the sphenodontid trees that
is produced by pruning three taxa, Piocormus, Clevo-
saurus and Sapheosaurus from these trees and which is
equivalent to the prs (see figure 5) minus Sapheosaurus.
Wilkinson (19944) considered there to be an intimate
relationship between DFss and cass. In general, Gass
are also prss and they can therefore be used as
frameworks for the description of the possible positions
of the pruned taxa. However, as suggested by
Wilkinson (199554), and as illustrated here, the re-
lationship is asymmetric: there are Drss that are not
also Gass. Where primary prss differ from cass, as in
this case, it is clear that the primary prs will convey
more information. Here it conveys additional in-
formation about the relationships of Sapheosaurus.
Although cass are strict consensus trees, demanding
agreement across all the mpts, they may (unlike other
strict consensus methods) be sensitive to the treatment
of arbitrary resolutions. If all possible resolutions of the
relationships of a set of taxa were arbitrary resolutions,
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Figure 5. Unique primary disqualifier faithful subtree for the
sphenodontid mMpTs. The possible positions of excluded taxa
are: Piocormus — above node 1 and below node 3, Clevosaurus
—above node | and below nodes 3 and 4, and not between
nodes 2 and 3.
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then suppressing these would produce a polytomy that
is common to all the mPTs and which could therefore be
included in a prs. In contrast, the set of binary trees
would not share this polytomy and could not yield a
GaAs that included it.

() Safe taxonomic reduction (srr)

STR i3 based on the simple idea that a necessary (but
not a sufficient) condition for the inclusion or exclusion
of a terminal taxon to have any effect upon the
parsimonious interpretation of relationships among
other terminal taxa is that the taxon must have a
unique combination of phylogenetically informative
character states (Wilkinson 1992, 19954). Thus if any
terminal taxa do not have a unique combination of
character states they bring nothing ‘new’ to the
analysis and can be ‘safely’ eliminated from the

Kallimodon
Paleopleurosaurus
Clevosaurus
Saphaeosaurus
Sphenodon
Eilenodon
Toxolophosaurus

~
!'[!E;:’EI—FL |
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Kallimodon
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Saphaeosaurus
Sphenodon
Eilenodon
Toxolophosaurus

Saphaeosaurus
Kallimodon
Palaeopleurosaurus
Clevosaurus
Sphenodon
Eilenodon
Toxolophosaurus

Figure 6. The five binary (a—¢) and three polytomous (f~4) MpTs found in the analysis after deletion of Piocormus with
arbitrary resolutions suppressed. Only relationships within the crown group are shown.
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analysis without any danger of ignoring relevant data
and without any effect upon the parsimonious in-
terpretation of relationships among the remaining taxa
(Wilkinson 19954; Wilkinson & Benton 1995). The «
priort identification of taxa that can be safely deleted
may help resolve relationships that are obscured when
many MPTs result from equally parsimonious inter-
pretations of the phylogenetic relationships of poorly
known taxa. If any such ‘underdetermined’ taxa can
be safely eliminated a prior: then this may reduced the
number of MpPTs and thereby increase the resolution of
consensus summaries of the mprs. Other workers have
used the amount of missing data associated with taxa
as a basis for taxonomic reduction, and the original
analysis provides one example of this approach.

Wilkinson (19954) presented several safe deletion
rules based on different kinds of relations termed
taxonomic equivalence, but essentially these are all
lead to the elimination of taxa that do not have unique
combinations of phylogenetically informative charac-
ter states. Determining these relations is a simple task
and has been computerised in the TAXEQ2 program.
Wilkinson’s (1995 @) discussion considered only the role
of missing entries in affecting the scope for safe
taxonomic reduction, but this method can be adapted
to deal with uninformative characters or character
states also. If two taxa differ only in phylogenetically
uninformative characters this does not rule out safe
taxonomic reduction as would differences in phylo-
genetically informative characters. The TAXEQ?2
program treats any differences between taxa, except
those involving missing entries, as informative in a first
run through the data and then recodes any un-
informative characters and character states as missing
entries and makes a second pass through the data
(Wilkinson 19954d).

Several of the sphenodontid taxa included in the
data matrix are poorly known fossils that are coded as
missing for many characters. Missing entries account
for just over 219, of the data points and render just
over 389, of the possible pairwise comparisons of taxa
for individual characters uninformative. Without
modifying uninformative characters and character
states, TAXEQ?2 identifies Piocormus and Toxolo-
phosaurus as taxa that have their character states
replicated in Filenodon and Sphenodon respectively, and
which can therefore be safely deleted. Recoding
uninformative characters and character states as
described above increases the missing data to over
439, with almost 569, of all pairwise comparisons
identified as uninformative and allows TAXEQ2 to
identify two additional taxa, Polysphenodon and Kalli-
modon that have their character states replicated in
Homoeosaurus and Palaeopleurosaurus respectively and
can also be safely deleted.

With just Piocormus deleted, parsimony analysis with
arbitrary resolutions suppressed yields eight MpTs (see
figure 6), five that are binary and three that each have
a single polytomy. Note that under the ‘soft’ in-
terpretation of polytomies, the five binary trees are all
possible resolutions of the three polytomous trees and
are therefore, in a sense, redundant (see below). An scc
tree for the 8 MpTs is identical to the primary rRac/RGC

Phil. Trans. R. Soc. Lond. B {1996)
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Figure 7. The three additional binary mpts found in the
analysis after deletion of Piocormus with arbitrary resolutions
allowed. Only relationships within the crown group are
shown.

tree from the multiple trees produced when Piocormus is
included in the analyses (see figure 44). In this case sTr
allows the same additional relationships to be resolved
as does the application of the rcc and RAC methods.
Analysis with arbitrary resolutions produces a second,
partially overlapping set of 8 MpTs and the same scc
tree. This includes the five binary trees of figure 6, and
three others (see figure 7) that contain arbitrary
resolutions of the three polytomous trees of figure 6.
The additional deletion of Polysphenodon, Kallimodon
and Palaeopleurosaurus has no effect upon tree statistics
and produces no further reduction in the number of
MpTs. Their deletion has the negative effect of simply
reducing the amount of information conveyed by
corresponding consensus trees.

(k) Pruning mprs

Because sTR is not expected to affect relationships
among the remaining taxa, trees produced by analyses
that exclude these taxa should be the same as trees
produced by simply pruning the eliminated taxa from
the sets of mpTs found for the complete data and
discarding duplicates when trees are rendered identical
by the pruning. In the present example, the a priori
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deletion and a posteriort pruning of Piocormus are
analytically equivalent and have no effect upon tree
length. Importantly, simply pruning any taxa from
mpTs generated for the complete data can never alter
relationships among the remaining taxa in the pruned
trees and will therefore always be safe, whether the
eliminated taxon can be deleted under the constraints
of sTrR or not. Thus pruning taxa from sets of mpTs and
eliminating duplicates from the set of pruned trees
provides a simple but potentially powerful procedure
for reducing numbers of MpTs, and thereby elucidating
relationships that may be obscured by a multiplicity of
MPTs. STR can be useful in this regard in suggesting
which taxa might be profitably pruned. Similarly, taxa
that contribute to the ambiguous polytomies of Ac trees
are good candidates for initial pruning.

There are strong conceptual links between reduced
consensus methods, sTR, and selective pruning of MPTs
that are illustrated by the sphenodontid data. The rcc
method identifies n-taxon statements a posterior: from a
set of trees, and constructs RCG trees to represent these
relationships. In general, the Rcc method will identify
all taxa that must be excluded from a reduced
consensus tree in order to specify relationships un-
ambiguously among the remaining taxa. In the
sphenodontid example many common statements do
not apply to Piocormus and its exclusion from the
primary Rrcc tree allows relationships among the
remaining taxa to be represented. The interpretation
of rcc trees, like that of scc trees, is completely
unambiguous. sTR also identifies taxa that can be
eliminated, but does this through a priori comparisons
of the data rather than through a posterior: comparisons
of trees. If sTR leads to the deletion of exactly the same
taxa that are excluded from an rcc tree, then the scc
tree for the MpTs produced after sTR must be identical
to the rRcc tree for the mprTs produced from the
complete data. Similarly if the taxa that are excluded
from an rcc tree are selectively pruned from the mprs,
the scc tree for the pruned trees will be identical to the
rce tree. The rea profile can thus be conceived of as a
collection of scc trees that are produced after various
combinations of taxa are selectively pruned from the
MPTS.

Pruning taxa from MPTs can also be used to construct
RAC trees as a practical alternative to Wilkinson’s
(19944) algorithm for constructing the rac profile
which is not yet computerised. Using PAUP, the
procedure is as follows.

1. Save all MPTs in a treefile.

2. Construct both the scc and Ac trees. Any groups
appearing in the Ac tree but not in the scc tree suggest
that there may be additional n-taxon statements that
are shared by all the mprs but, because they apply to
only a subset of the taxa, these are not reflected in the
scc tree and are necessarily ambiguous in the ac tree.

3. Experimentally delete taxa that contribute those
polytomies in the ac tree (the p-groups of Wilkinson
1994 a) that do not also occur in the scc tree, instructing
PAUP to prune these taxa from the trees in memory.
Construct the scc and Ac trees for the pruned trees. If
these consensus methods produce identical consensus
trees, then there are no ambiguous relationships in the
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AcC tree, and the consensus tree will either be an rac
tree, or a less informative subtree of an RAC tree.

4. Repeat step 3, reloading the original set of MPTs
from memory as necessary, until all combinations of
eliminated p-groups have been tried. The rac profile
includes all the non-redundant topologies produced
where the scc and Ac trees are identical.

(1) Redundant trees and arbitrary resolutions

It is often the case that reducing numbers of trees
increases the resolution that can be achieved in
consensus trees, but this is not expected when reduc-
tions in the numbers of tree are achieved by the
suppression of arbitrary resolutions. With the spheno-
dontid data this reduces the number of MmpTs from 82 to
60 but has no effect upon the resolution of any strict
consensus tree. In avoiding arbitrary resolutions PAUP
collapses only those branches that have a length of zero
under all possible character optimizations, a procedure
dubbed Swofford’s rule by Wilkinson (1995¢). The
branches that remain are those that are supported by
some optimization. This approach has been criticized
because the trees that remain may include branches
that have zero-length under particular character
optimizations, or worse, combinations of branches
which cannot all have non-zero-length under any
character optimization (Wilkinson 1995¢). Alternative
approaches to the suppression of arbitrary resolutions
that remove these persistent arbitrary resolutions have
been described (Wilkinson 1995¢) and these make it
theoretically possible to either: (i) retain only those
mpTs for which all internal branches have non-zero-
length under some particular optimization; or (ii)
retain just those MPTs that can have no non-zero-length
branches under any optimization. However, these
methods are not yet computerized and the number of
sphenodontid trees makes the manual application of
these approaches impractical in this case (cf. below).

The polytomies produced by collapsing zero-length
branches can be interpreted as soft polytomies: they
imply that all possible resolutions of the polytomy will
be equally parsimonious, though not that they will be
equally free of arbitrary resolutions. As demonstrated
by the eight mpTs found after the deletion of Piocormus
(see figure 6) the suppression of arbitrary resolutions
used in PAUP can produce sets of trees that include
both polytomous trees and some of their possible
resolutions, the latter being redundant. Thus elimin-
ating any redundant trees provides another potential
strategy for reducing the number of mpTs and sup-
pressing persistent arbitrary resolutions. The simplicity
of this approach makes its manual application to the 60
sphenodontid MpTs practical. Some 47, just over 759,
of the 60 mpTs, are redundant. However, some of the 13
remaining sphenodontid MPTs retain branches with a
minimum length of zero. Thus applying this rule and
then eliminating redundant trees, although capable of
drastically reducing persistent arbitrary resolutions,
will not necessarily eliminate them all.

We used MacClade to explore the effects of
collapsing branches in the remaining 13 trees and
found that seven of these trees were free of arbitrary
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Figure 8. 11 non-redundant sphenodontid mpts that contain no arbitrary resolutions. Only relationships within the

crown group are shown.

resolutions but that six contained branches that could
be collapsed without increasing tree length (calculated,
as in PAUP, under the hard interpretation of poly-
tomies). Collapsing these branches yielded only four
distinct tree topologies, leaving a total of just 11 MPTs
that contain no zero-length branches under any
optimization (see figure 8). Strict consensus trees
produced for this group of 11 trees are identical to
those produced from the full set of 82 binary MpTs and
the reduced set of 60 mpTs retained by PAUP after its
incomplete suppression of arbitrary resolutions. Thus
reducing the number of MpTs through more complete
suppression of arbitrary resolutions and by climinating
redundant trees will not produce better resolved
consensus summaries. However, it may reduce the
number of trees sufficiently to allow inspection of all
the trees and the application of methods that are not
yet computerized. Also, in cases where the number of
MPTs exceeds the limits imposed by computer memory
on the number of trees that can be stored, phylogenetic
studies are susceptible to problems of sclective sam-

Phil. Trans. R. Soc. Lond. B (1996)

pling. If available memory is used to store only non-
redundant trees then this difficulty may be avoided or
ameliorated.

(m) Secondary optimality criteria

Secondary criteria can sometimes be used to choose
among otherwise optimal MpT1s. Rodrigo (1992) recom-
mended sclecting those mprs that allow the largest
number of characters to be free of homoplasy. His
optimal character compatibility index (occr) is the
ratio of the number of homoplasy-free characters to the
total number of characters and is maximised with the
number of homoplasy-free characters. Sang (1995)
advocated his average unit character consistency
(aucc) as a sccondary optimality criterion for choosing
among MPTs. As its name suggests, this is the average of
the individual character consistency indices. As with
the occr, the Aucc increases with increase in homo-
plasy-free characters, but is also sensitive to the
distribution of homoplasy among the homoplastic
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characters, increasing as more homoplasy is concen-
trated in fewer characters.

With the sphenodontid data, 24 of the 29 characters
fit all the mpTs with no homoplasy and three characters
(6, 17, 28) require two steps on each tree. Only two
characters, 15 and 20, vary in their fit to the MPTs, with
15 requiring two steps and 20 being homoplasy-free or
vice versa. Character 15 supports the hypothesis that
Clevosaurus is more closely related to Sphenodon than to
Palaeopleurosaurus and requires a single step on either
the 38 or 55 wmpts that include this hypothesis,
depending on the suppression or inclusion of arbitrary
resolutions respectively. Character 20 supports the
incompatible hypothesis that Clevosaurus is outside a
group that includes Sphenodon and Palaeopleurosaurus as
well as most other crown-group sphenodontids, and
requires a single step on the remaining 22 or 27 MpPTs
that include this hypothesis. Thus occr is 0.86 and the
aucc is 0.931 for all trees. Applied to this example,
neither of these secondary optimality criteria allows
any further choice among the mpTs and this reflects the
fact that many of the mpTs differ in the positions of
underdetermined taxa without any corresponding
differences in the distributions of homoplasy.

Sharkey (1989) presented a method for choosing
among MPTs that uses a probabilistic approach to
compatibility analysis pioneered by Le Quesne (1969,
1972) and further developed by Meacham (1981) and
Gauld & Underwood (1986). Essentially this method
involves an iterative procedure, the boil down, that
produces a ranking of characters based on their ratios
of observed incompatibilities to the number expected if
all characters are random, the randomness ratio
(Gauld & Underwood 1986) or coefficient of character
state randomness (Le Quesne 1969). The preferred
MPTs are those that most concentrate homoplasy in the
characters of lowest rank. Wilkinson (1992) suggested
that the character normal deviate (Le Quesne 1972), a
z-score, might be used in the boil down in place of the
randomness ratio.

Applied to the sphenodontid data, both procedures
assign character 20 higher rank than character 15 and
lead to the selection of those 22 or 27 MpTs, depending
on the treatment of arbitrary resolutions, in which
Clevosaurus is outside a group that includes Sphenodon,
Palaeopleurosaurus and the other crown-group spheno-
dontids. This is sufficient to determine the position of
Clevosaurus relative to the Drs (see figure 5, between
nodes 1 and 2) and if this choice of mMpTs is adopted
Clevosaurus can be grafted onto the Drs to give a more
fully resolved summary of the reduced set of preferred
trees.

(n) Successive approximations character weighting
(sacw)

Carpenter (1988) recommended using Farris’s
(1969) sacw to select from among multiple MPTs. As
with the application of secondary optimality criteria,
sacw is expected to resolve character incongruence by
concentrating homoplasy in the most unreliable, and
thus low-weight, characters. However, although sacw
may identify optimal trees that are a subset of an
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original set of mpTs this approach may also yield
optimal trees that are not among the original set of
mPTs. It may also increase rather than decrease the
number of trees.

Farris (1969) investigated a variety of weighting
functions that related a measure of fit to a numerical
character weight. In Hennig86 (Farris 1988) character
weights are based on their rescaled consistency indices
(Farris 1989) and where these vary across the trees, the
maximum value (corresponding to the best fit) is used.
In PAUP the user must choose among a variety of
weighting procedures that use either best, worst, or
average fits of either the character consistency, reten-
tion or rescaled consistency indices.

Application of these alternatives to the problems of
sphenodontid phylogeny, using the mPTs recovered
with equal weighting of characters as the first ap-
proximation produced a variety of somewhat incon-
sistent results. As noted above, only five characters
show any homoplasy on any of the mpTs and only two
of these (the mutually incompatible 15 and 20) vary in
their fit across the MPTs, each requiring either no
homoplasy or a single extra step. sacw using best-fits of
any of the three indices does not discriminate between
these characters (the best-fit indices are all unity) and
produces no change in the optimal trees. Similarly, the
worst-fit consistency indices are the same for both
characters (0.5) and sacw using these also has no
effect. In contrast, the worst-fit retention and rescaled
consistency indices are greater for character 20 (0.75
and 0.375 respectively) than for character 15 (both
zero indicating that it achieves the worst possible fit),
and sacw using these measures discriminates in favour
of character 20. This yields either 12 or 27 optimal
sacw trees, depending on whether arbitrary resolutions
are collapsed or not, that place Clevosaurus as the sister
taxon of the other crown-group sphenodontids. With
arbitrary resolutions not suppressed, the set of 27
optimal sacw trees is simply the subset of equal
weighted MpTs in which homoplasy is attributed to
character 15 and character 20 requires only a single
step. With arbitrary resolutions suppressed this re-
lationship does not hold (or it would have yielded 22
optimal trees). This points to an additional effect of
sacw here that arises from the assignment of zero-
weight to 15, which is thereby excluded from the
analysis. In those equal-weight MpTs where character
15 is homoplastic, some branches must have a non-zero
maximum length solely because of possible optimiza-
tions of character 15. With character 15 excluded,
these branches become arbitrary resolutions and are
suppressed.

Worst-fit and best-fit indices cannot vary with the
inclusion or exclusion of arbitrary resolutions, but
average fits are expected to vary with the treatment of
a zero-length branches. sacw based on average fits of
their consistency indices favoured character 15 over
character 20, whether arbitrary resolutions were
suppressed or not, because it is homoplastic in fewer of
the equal-weight mpTs. In both cases, the 38 or 55
optimal sacw trees are simply the subset of equal
weighted trees in which character 15 requires a single
step. These trees agree that Clevosaurus is closer to
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Table 4. Character weights for characters 15 and 20 produced by two iterations of successive approximations character weighting

using average fits and three different weighting functions

(Arrows indicate changes in weights with succesive iterations of the procedure. See text for further details.)

starting trees

arbitrary resolutions
suppressed (60 MPTs)

arbitrary resolutions
included (82 mpTs)

character 15 20 15 20
consistency indices 0.817 -1 0.683 -0 0.835 > 1 0.665 0
retention indices 0.633 -0 0.842 1 0.67 —~1 0.832 1
rescaled consistency indices 0.517 -0 0.575—=1 0.560 ~1 0.553 375

Sphenodon (and Eilenodon and Toxolophosaurus) than it is
to Palaeopleurosaurus (and Kallimodon) and restrict the
possible positions of Clevosaurus to between nodes 2 and
4 or between node 2 and Sapheosaurus of the Drs (see
figure 5). sacw using the average retention index is also
unaffected by the inclusion or exclusion of arbitrary
resolutions. However, it favours character 20 and
produces the same sets of optimal sacw trees found
when sacw was based on the worst fits of these
measures.

The results of sacw using the average fits of the
rescaled consistency index depend on the treatment of
arbitrary resolutions. With arbitrary resolutions col-
lapsed, character 20 is favoured and, as with the use of
the worst fit of this index, this yields 12 optimal sacw
trees. With arbitrary resolutions included, character 15
is favoured and 55 optimal sacw trees are produced.
Further details of the character weighting based on
average fits are summarized in table 4. Note that the
initial differential in the average rescaled consistency
index between character 15 and 20 is very slim.

5. DISCUSSION
(a) Secondary optimality criteria and character
weighting

All of the secondary optimality criteria illustrated
above are similar in that they select hypotheses that
concentrate homoplasy in the ‘worst’ characters and
improve the fit between the phylogeny and the ‘better’
characters. As Sang (1995) pointed out, they are very
much in the spirit of compatibility analysis and some of
the approaches represent marriages of compatibility
and parsimony. However, in all these approaches, the
secondary optimality criteria are constrained by the
primary optimality criterion of maximum parsimony,
typically with equally weighted characters.

There is a close conceptual link between secondary
optimality criteria used to distribute homoplasy asym-
metrically across low- and high-quality characters and
differential character weighting systems that down-
weight low-quality characters. We suspect that, despite
the prevalence of equal weighting of characters, most
phylogeneticists would agree that not all characters are
equally reliable. Indeed this is an inescapable con-
clusion of most phylogenetic analyses, and it is a
prerequisite for the justification of using secondary
optimality criteria to select among wmpTs and for
differential character weighting. Differential weighting
schemes that accurately reflected the quality of
characters would surely be universally acceptable and
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more likely to generate accurate phylogenies. However
phylogeneticists vary in their acceptance of differential
weighting and can be classified into three camps. In
the first camp are many practitioners who eschew
differential weighting. For these practitioners we
expect that the use of secondary optimality criteria to
select among MPTs is also uncompelling. We also
consider that there are few arguments in favour of
equal character weighting in the face of evidence of
differences in character quality and these are no more
convincing than the arguments in favour of differential
weighting. That equal weighting may be more con-
venient or easier to apply is surely no good reason for
ignoring alternatives. In the second camp, are those
practitioners that adopt or advocate secondary opti-
mality criteria to choose among mp1s. They seem to
agree that character quality can be assessed and used
to discriminate among trees. However, in rejecting
differential character weighting they place strong limits
upon the role of assessments of character quality,
allowing them to discriminate only among the original
MPTs although there may be other trees that provide a
better fit to the data in the light of the assessments of
character quality. Thus it is hard to justify the use of
secondary optimality criteria to select from a restricted
set of trees rather than the use of differential character
weighting based on the same estimates of character
quality and an unconstrained search for optimal trees.
In the third camp, are those phylogeneticists who use
or advocate differential character weighting. They
would seem to have no need for any secondary
optimality criterion because they will have incor-
porated assessments of character quality into their
primary optimality criterion, typically differentially
weighted parsimony, and identified the optimal trees.

sacw has been advocated as a method for choosing
among MpTs, and although it was not designed for this
purpose it often has this effect. Application of sacw to
the sphenodontid phylogeny demonstrates that choices
among the various available measures of fit of
characters used as weighting functions can have
profound effects upon the results. Surprisingly, these
methodological alternatives do not appear to have
been much investigated or discussed previously.
Ideally, choices among these alternatives should be
justified and not determined arbitrarily by the defaults
in the available software.

Using best-fits of any index is equivalent to seeing
characters in their best possible light and ignoring the
fact that some characters may appear less reliable on
some other trees. It is an optimistic strategy that values
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any evidence of high quality over any contradictory
evidence. Conversely, using worst-fits is a pessimistic
strategy that values any evidence of low quality over
any contradictory indications. If one considers the
propositions that: (i) a character that shows no
homoplasy should be judged more reliable than a
character that is homoplastic on some but not all MPTs;
and (ii) a character that is homoplastic on all trees
should be judged less reliable than a character that is
homoplastic on some but not all mpTs, then using
neither best nor worst fits seems entirely sensible. Using
average fits may be a better alternative but, as shown
by the sphenodontid example, different treatments of
arbitrary resolutions can produce contradictory results
and this is far from satisfactory. One means of taking
into account variation in the fits of characters whilst
avoiding the effects of arbitrary resolutions would be to
take the mid-point of the range between the best and
worst fits of characters as a basis for weighting. This
expedient ignores the relative frequencies of different
fits of characters across the trees.

Farris (1969) used simulation studies to evaluate
alternative weighting coefficients for use with sacw and
obtained the best results with a function that assigned
a greater differential between good and mediocre
characters than that between mediocre and poor
characters. His simulations involved adding random
characters (noise) to a set of perfectly correlated
characters that specified a particular tree (signal).
Under these conditions the success of his preferred
weighting function is perhaps not surprising, given that
the recovery of the ‘correct’ tree depends primarily on
the discrimination between the strong signal and the
noise, and depends little upon differences in the relative
weights of the noisy random characters which are
expected to have mainly mediocre or poor fits to the
approximated phylogenies. Of the character consist-
ency, retention and rescaled consistency indices that
can be used in current implementations of sacw, only
the consistency and rescaled consistency indices ap-
proximate Farris’s (1969) preferred weighting function.
The consistency index has well known deficiencies that
severely compromise its use for differential weighting.
In particular, the minimum consistency index of a
binary character is the inverse of the maximum number
of steps. In contrast, the rescaled consistency index
ranges between zero and one for all informative
characters so that a character achieving its maximum
number of steps has a rescaled consistency index of
zero. The square or cube of the retention index would
also share these useful properties and might also
provide a suitable weighting function. Of the available
computerized methods, we tentatively recommend the
average fit of the rescaled consistency index, but with
the warning that this may be sensitive to the treatment
of arbitrary resolutions.

In practice, the application of secondary optimality
criteria, or any weighting scheme, can leave the
phylogeneticist with multiple optimal trees. Thus with
the sphenodontid example, the occr and avcc and
several of the sacw regimes supported no further choice
among the mpTs. Multiple MPTS may result from either
contradictory evidence producing balancing character
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incongruence or from lack of evidence. Poorly known
fossil taxa with much missing data often have a
multiplicatory effect on numbers of mpTs. Character
weighting and secondary optimality criteria can only
promote further preferences among a set of optimal
trees when these trees differ in the way they distribute
homoplasy so as to explain contradictory evidence.
They will not reduce the number of trees when the
multiplicity results from absence of data. With the
sphenodontid data, Sharkey’s (1989) method dis-
criminates in favour of character 20 over character 15
and in doing so determines the otherwise variable
position of Clevosaurus. However, this still leaves a
multiplicity of MmpTs and much of the variation in these
trees is due to the lack of data for Piocormus.

The sphenodontid example also shows that the
available methods vary greatly in their ability to
discriminate among characters and further resolve
relationships that are unresolved because of balancing
character incongruence. The retention and rescaled
consistency indices and probabilistic compatibility
measures have greater discriminatory power than the
consistency index because their assessment of character
quality depends on a comparison with how poorly they
might perform and this depends upon the number of
taxa that have the alternative character states and
varies among characters. A binary character requiring
two steps may fit as poorly as possible or quite well
depending on the maximum number of steps, but the
consistency index will be 0.5 in either case. This
suggests that the average character retention or
rescaled consistency indices, analogous to Sang’s (1995)
Auca, might provide more discriminatory power than
the latter, as does Sharkey’s (1989) probabilistic
compatibility approach.

An important question to be considered when
applying the discriminatory power of weighting
methods or secondary optimality criteria is how much
better are the preferred trees over their rejected
competitors. In parsimony analysis with either differ-
ential or equally weighted characters, length differ-
ences between trees provide one means of assessing
relative support (Bremer 1988; Killersjo et al. 1992).
In contrast, no methods for assessing the relative
support for hypotheses preferred on the basis of
secondary optimality criteria have been advanced, and
this deserves further attention. Similarly, no methods
for evaluating the relative support for alternative
weighting strategies have been advanced and because
weighting is inescapable, we consider this to be a
priority area for future research.

We are concerned that some differential weighting
schemes may produce large differences in character
weights when there are only slight differentials in the
measures of character reliability. For example, charac-
ters 15 and 20 in the sphenodontid data have very
similar average rescaled consistency indices and very
similar coefficients of character state randomness. A
cautious worker would question whether these differ-
ences provide a sufficient basis for differential
weighting and choice between phylogenetic hypoth-
eses. We suggest that variation in phylogenetic hy-
potheses within a range of rational weighting strategies
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can itself be used to evaluate phylogenetic hypotheses.
Those relationships that are unaffected by differences
in weighting regimes should be considered better
supported than those that depend on a subset of the
weighting schemes. Applied to the sphenodontid data,
this approach leads us to prefer the hypothesis that
Clevosaurus is the sister taxon of the other crown-group
sphenodontids because character 20 appears to have
the edge over character 15. However, we also stress
that this slim advantage provides only relatively poor
differential support for this hypothesis compared to the
other relationships that can be hypothesised among the
sphenodontids and that do not vary with the various
weighting regimes.

(b) Consensus methods

Whatever stance is taken on the use of character
weighting and secondary optimality criteria, these
methods do not eliminate the need to summarize
agreement among multiple trees through consensus
mecthods and the need to choose among available
techniques.

An important distinction between consensus
methods separates those that summarize agreement
across all the fundamental trees (strict methods) from
those that may also express relationships that are not
true of every fundamental tree (majority-rule and
semi-strict methods). Advocates of parsimony analysis
will often be interested in only those relationships that
are replicated across all mMPpTs because they are
unambiguously supported by the parsimonious in-
terpretation of the data. If length differences are used
to measure support, only relationships that are com-
mon to all MpPTs can have a support value greater than
zero. Thus majority-rule and semi-strict consensus
methods, which may appeal because they are well
resolved, achieve this additional resolution only by
including poorly supported groups.

The frequency of appearance of groups in a set of
MPTs is typically reported with majority-rule consensus
trees, and may often be interpreted as an indicator of
the support for the group. This may be a reasonable
interpretation when the consensus summarizes multiple
analyses of different data sets (ec.g. in bootstrapping),
but such an interpretation may be problematic when
applied to group frequencies in MPTs from a single data
set, and at the very least raises important questions
that have yet to be addressed. In what sense can the
frequency with which a group appears in a set of MPTs
be considered a measure of its support? If we assume
that all the mpTs are equally well supported and thus
equally probable or plausible, then the proportion of
times a particular hypothesis occurs within the trees
would be a measure of the relative probability or
plausibility of that hypothesis. However, as we have
seen, majority-rule consensus methods may be sensitive
to the treatment adopted for arbitrary resolutions.
Depending on the treatment of arbitrary resolutions,
individual branches on a single tree may have non-zero
lengths and thus receive direct support, under some
character optimizations but not under others, or they
may simply be compatible with the data and not
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Figure 9. (a) Hypothetical phylogeny for five taxa with nine
equally parsimonious positions for taxon X that lacks any
data, (b) and corresponding mrcc tree.

directly supported by non-zero lengths at all. If group
frequencics are to be taken as a measure of support,
how should arbitrary resolutions be treated?

When data sets include poorly known fossil taxa, the
position of these taxa in a majority-rule consensus tree
may be largely determined by relationships among the
better-known taxa. For example, suppose that the tree
in figure 9a represents a set of well defined most
parsimonious relationships for the five taxa, A-E. If an
analysis were performed with arbitrary resolutions
allowed, and an additional taxon (X) with only
missing entries, this would produce nine trees differing
only in the arbitrarily resolved position of X. The
corresponding MRcc tree would place X as the sister
group to CDE (see figure 94) with a frequency of 5/9.
Here, X is associated with CDE simply because there
arc more ways that it can associate with this group.
Given that X has no data, any argument that this
position of X is the best supported would be difficult to
justify. With the sphenodontid analyses the position of
Piocormus in the MRcc trees is similarly partly dete-
rmined by tree balance rather than purely from
considerations of data.

This difficulty might be avoided by suppressing
arbitrary resolutions but, as we have seen, there are
different methods of suppressing arbitrary resolutions
and these can lead to different group frequencies in
MRCC trees. Assessments of support when there are
branches that may have zero length under some but
not all optimizations, as may be produced by Swof-
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ford’s rule implemented in PAUP and by Wilkinson’s
(1995 ¢) first method, should presumably also take into
account this additional variation. Thus we could
assume that all optimizations are equally plausible or
possible, so that measures of the relative probabilities
or plausibilities of particular groups would depend, not
only upon the number of times the group occurs, but
also upon the number of favourable character optimiza-
tions and the number of unfavourable ones. Compu-
tationally this would be very demanding. A simpler
alternative would be to base MRcc trees upon only
those MpTs that must have all non-zero-length branches
under all character optimizations, but this would in
turn ignore differences in the potential support for
groups that are possible resolutions of polytomies in
these trees. We offer no definitive solution to these
problems, which apply both to MRrcc trees and average
measures of character quality in character weighting
schemes, but we caution against the limitations of
existing software.

For the sphenodontid trees the Nc trees are identical
to the corresponding Mrcc trees with compatible
minority components. Swofford (1991) also described
a case in which these consensus methods produced
identical results. Swofford noted that the equivalence
of the N¢ and Mrcc methods does not hold in general,
and it is easy to design hypothetical examples where
these methods produce different consensus trees (F. R.
McMorris personal communication). Unfortunately
there is no obvious way to determine a prior: whether
these consensus methods will produce identical results.
The properties and behaviour of the N¢ method remain
rather poorly understood, but it is apparent that this
method is not a strict method and that it is sensitive to
the treatment of arbitrary resolutions.

Strict consensus methods, except the cas method,
are immune to the problems of arbitrary resolutions.
However not all strict consensus methods are equally
useful for identifying all the relationships that may be
of interest to phylogeneticists, and these inequalities
are well illustrated by our sphenodontid example. The
scc has been criticized by many authors because it may
produce poorly resolved consensus summaries (Adams
1986; Swofford 1991) despite considerable unanimity
among the fundamental trees. The problems of this
most widely used consensus method has motivated
strategies of taxonomic reduction and probably con-
tributed to the perceived need for secondary optimality
criteria. Fraser & Benton’s reliance upon this method
contributed to their inability to resolve relationships
among the sphenodontid crown-group. The ac tree
(sce figure 3) suggests that their data supports
additional resolution but, unfortunately, what ac trees
gain in sensitivity they confound in ambiguity.

The rac method solves the problem of ac tree
ambiguities, but may lead to a profile that itself
includes a multiplicity of consensus trees. This is true
also for the rcc method which, like the Rac method,
produces trees that have an unambiguous interpret-
ation as collections of common n-taxon statements, but
which may require a multiplicity of rRcc trees to
summarize all such statements. If the aim of the
phylogeneticist is to identify all relationships that are
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supported unambiguously by the parsimonious in-
terpretation of the data, then the closest approximation
to this ideal seems to be provided by a primary DFs in
conjunction with a listing of the possible positions of
the excluded taxa. Unfortunately, this method is not
yet computerized and it is therefore not readily
applicable when there are large numbers of MPTs. GASs
may also be serve this purpose but, where they differ
from primary Drss, they are less informative.

Unfortunately, there is no guarantee that a prs will
provide a suitable framework for the simple semi-
graphical description (by lists of possible positions) of
all relationships that are common to a set of MpTs and
that are not graphically represented in the DFs itself.
Those disqualifiers that describe relationships among
the excluded taxa cannot be represented easily in this
way and, as the sphenodontid example shows, there
may be agreement over relationships that can only be
described through complex conjunctions of dis-
qualifiers and n-taxon statements that do not lend
themselves to graphical or semigraphical represen-
tation. There thus remains the possibility that better
consensus techniques can be developed.

(¢) Taxonomic reduction

Taxonomic reduction is aimed at reducing the
number of MpTs and thereby increasing the resolution
of consensus summaries. The original analysis provides
an example of a series of taxonomic reductions using
the amount of missing data associated with a taxon as
a criterion for the exclusion of taxa. This approach
carries the danger that excluding taxa may remove
unique combinations of character states and thereby
change inferred relationships among the remaining
taxa i.e. it may not be safe. I'raser & Benton found that
Clevosaurus is more closely related to Sphenodon than to
Palaeopleurosaurus (sce figure 1d) when all taxa with
missing entries are removed. However, analysis of the
complete data shows that it is equally parsimonious for
Sphenodon and Palaeopleurosaurus to be more closely
related to each other than to Clevosaurus. These are the
two alternatives supported by the incongruent charac-
ters 15 and 20, respectively. When only the taxa
without missing entries are considered, character 20
becomes phylogenetically uninformative and the evi-
dence for homoplasy in character 15 is removed, so
that parsimony finds only the relationship supported
by character 15. In this case, climinating some taxa
alters the range of inferred relationships among the
remaining taxa. In contrast, STR operates under the
constraint that elimination of taxa must not alter those
relationships that are supported by the complete data.
If taxonomic reduction is used in an attempt to reduce
numbers of mpTs and enhance the resolution of
consensus trees, the taxa to be deleted should not be
selected on the amount of missing data or any other
arbitrary criterion. 4 priori taxonomic reduction should
be done under the constraints of sTR. Alternatively, it
should be done a posteriori by pruning taxa from MpTs
after analysis of the complete data.

Although, taxonomic reduction may reduce num-
bers of trees, it cannot be relied upon to remove the
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need for consensus trees altogether. This is especially
true when the multiple trees reflect alternative inter-
pretations of incongruent characters rather than
alternative placements of poorly known taxa.

(d) Sphenodontid phylogeny

Applied to the problem of sphenodontid crown-
group relationships, a priori STR, a posteriori pruning of
mrTs, and cach of the reduced consensus methods (RAc,
rcc, DFS and cas) are all effective at enhancing our
understanding beyond that achieved by the original
analysis. They show that Toxolophosaurus and Etlenodon
are more closely related to each other than to any other
sphenodontids, with the possible exception of Piocormus.
Similarly, with the possible exception of Piocormus, they
are the closest relatives of Sphenodon. The variable
positions of Piocormus reflect absence of evidence rather
than incongruent evidence. The relationships of
Sapheosaurus and Clevosaurus are ambiguous, but less so
than Piocormus. As with Piocormus, Sapheosaurus owes its
variable position to lack of evidence. In contrast,
incongruent characters place Clevosaurus as a basal
taxon within the crown-group or as more closely
related to the Sphenodon-Eilenodon- Toxolophosaurus.
Assessments of character quality suggest that the latter
position is better supported but only marginally so.
The remaining lack of resolution is due to limitations of
the data rather than mecthodological problems. We
consider that the additional resolution afforded by the
MRcC or NC methods does nothing to improve upon this
summary of sphenodontid relationships.
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