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Abstrac—Cladistics has changed considerably with the availability of new methods and sources
of data, and the increasing realization that cladograms are relevant to all manner of historical
questions. Criticisms of, and justifications for, consensus hypotheses in phylogenetic inference are
reviewed. The conclusion is overwhelmingly against taxonomic congruence which deliberately
seeks consensus propositions. The total evidence approach is not so burdened. A preference for
suboptimal cladograms is also criticized, as is the protocol for mapping characters of special
interest onto a phylogenetic hypothesis derived from other evidence. The bootstrap and jack-
knife resampling techniques are questioned because their underlying assumptions are violated
and they are sensitive to character frequencies. These findings suggest that cladistics is being
redefined in ways that contradict the practices and principles responsible for its pre-eminence in
phylogenetic inference.

Introduction

Cladistics has become the predominant paradigm in phylogenetic inference.
Further, there can be little doubt that the past success of cladistics is attributable to
the generality and coherence of its practices and principles relating to monophyly,
parsimony and special similarity. However, other factors are contributing currently
to its increasing popularity. Simply, the methodological and philosophical limits
of the discipline are now being relaxed. In effect, cladistics is becoming all things
to all people, which we believe diminishes significantly the critical content of the
paradigm. Thus, we examine issues relevant to the changing definition of cladistics,
in particular taxonomic congruence, the use of suboptimal hypotheses, the nature
of character independence, and congruence and the statistical confidence ascribed
to the bootstrap and jackknife resampling techniques.! We hope that our review
will make systematists more aware of the changing boundaries of phylogenetic
systematics, and that additional critical comment will follow. While our position on
these topics can be interpreted as “doctrinaire”, we believe our study has the
potential to strengthen historical inference by exposing arguments antithetical to
the principles of cladistics and those ad hoc methods that only bear the label, not
the meaning, of phylogenetic systematics.

Taxonomic Congruence

Seeking congruent classifications of the same group of organisms is an old
strategy in systematics, and one that has had various objectives. For example, such
an approach was discussed in detail by Sokal and Sneath (1963: 85-91) as a way
of testing the non-specificity hypothesis (Farris, 1971). Shortly thereafter (Sneath
and Sokal, 1973: 66), taxonomic congruence became a tool in the arguments

! The three-taxon transformation of Nelson and Platnick (19913, also a part of this re-examination, is
discussed separately (Kluge, 1993).
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Fig. 1. Taxonomic congruence and total evidence are compared in terms of the operations involved
in analyzing partiticned and combined relevant available evidence, respectively. The former approach
necessarily employs a consensus method. Relevant evidence is that which is potentially phylogenetically
informative (i.e. synapomorphies). Ideally, total evidence can be taken to mean all of the evidence available.
Practically speaking, it is all of the unpartitioned evidence at hand. After Eernisse and Kluge (1993).

between pheneticists and phylogeneticists over whose methods led to more stable
classifications (see review by Kluge, 1989a). It was in the latter context that
Mickevich (1978: 143) developed her definition: ““Taxonomic congruence is the
degree to which classifications of the same organisms postulate the same groupings.
When the classifications compared are based on different sources of information,
congruence [consensus] provides a measure of the degree to which the
classifications of the organisms remain stable as various lines of evidence are con-
sidered”.

In the following discussion of taxonomic congruence, we focus on different
data sets (semsuy Kluge, 1989a), rather than alternative methods of phylogenetic
inference {Crisci, 1984; Bledsoe and Raikow, 1990). It is in that specific context
that we consider both the operation and the various justifications for taxonomic
congruence, including that of stability which pheneticists also continue to use as a
basis for recommending their classifications (Sokal, 1986: 424).

Ordinarily, the methodology of taxonomic congruence involves three steps
(Kluge, 1989a): (1) evidence is partitioned into “‘different fypes of data™ (eg.
Shaffer et al., 1991: 284; our italics); (2) bestfitting hypotheses of relationships are
obtained from each set of data (so-called fundamental cladograms are produced);
and (3) a consensus of those topologies is formulated [Fig. 1]. In contrast,
total evidence uses character congruence to find the bestfitting phylogenetic
hypothesis for an unpartitioned set of synapomorphies, which ideally is all of the
relevant available data [Fig. 1]. Equally parsimonious propositions, referred to as
secondary cladograms by Kluge (1989a: fig. 3), can also be discovered with total
evidence, and consensus methods have been used to summarize those alternatives
(Fig. 2).

Data quality is not sufficient to distinguish taxonomic congruence from total
evidence, because the same characters can be involved. Thus, the pejorative claim
that the total evidence approach involves relatively poorly studied characters is not
on point.
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Fig. 2. Equally parsimonious, fundamental and secondary, cladograms can resuli from taxonomic
congruence and total evidence approaches, respectively. The alternative hypotheses provided by
secondary cladograms can be analyzed with a consensus method {as illustrated) or additional cycles of
research (see text for further explanation; Kluge, 1991). It is unclear how to analyze suites of equally
parsimonious fundamental cladograms. After Eernisse and Kiuge (1593).

The criticisms we set forth below are organized into those against constructing
consensus hypotheses in general (1-3), whatever their basis (fundamental or
secondary cladograms), and those pertaining just to consensuses of fundamental
cladograms (4-7). While some of the problems we discuss are of a general nature,
there is nonetheless an important distinction between taxonomic congruence and
total evidence. The method of taxonomic congruence involves an advocacy for
different types of data, and a consensus of fundamental cladograms is touted
as something more—for example, being a more probable hypothesis of species
relationships (Nelson, 1979: 1, 5-7, 8, 13; see, however, Mickevich, 1978: 155;
Rohlf, 1982: 139-140; and Farris, 1991: 91; see also discussion of independence
below). On the contrary, total evidence attempts to find the maximally described
and explained hypothesis for all of the available evidence, and that objective can
be realized when more than one secondary cladogram is identified by: (1) seeking
additional data; (2) re-examining incongruent characters and states for erroneous
estimation of polarity, definition and description (sensu the research cycles of
Kluge, 1991); (3) using a posteriori (successive) weighting to test the *‘cladistic
reliability” of the incongruent characters (Farris, 1969: 374; Carpenter, 1988;
Platnick et al., 1991); and/or (4) employing a consilience of inductions, where
choice among equally parsimonious hypotheses is based on how well they are
explained by extrinsic evidence, such as provided by earth history and the phylo-
genetic hypothesis of one or more groups of coevolving organisms (e.g. hosts/
parasites, Kluge, 1983: 172-173). We do not recommend solving the problem of
equally most parsimonious hypotheses by sanitizing the data, by substituting a more
inclusive group name for the lineages in the original matrix whose relationships
cannot be decisively delimited, because this simply hides the problem. In any

case, criticisms 1-3 do not necessarily burden total evidence as they do taxonomic
congruence.
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Omne may be forced to apply consensus to secondary cladograms when new sources
of evidence, intrinsic and extrinsic, are unavailable, research cycles hzve been ex-
hausted, successive weighting is ineffective, and saving journal space is demanded.
One may even use consensus hypotheses to underscore the differences in explana-
tory power between total evidence and taxonomic congruence. As our criticisms
will show, such uses of consensus are benign compared to their scientifically perni-
cious effect in taxonomic congruence.

CriTiCISM 1

As Farris (1979, 1980, 1982, 1983, 1985b, 1989: 107, Farns and Kluge, 1985,
1986) argued convincingly, biological classifications represent theories, and their
usefulness is to be found in how well they describe and explain the natural
processes that give rise to observations. Thus, phylogenetic hypotheses and their
corresponding taxonomies have descriptive and explanatory power, and Miyamoto
(1985: 187; see also Carpenter, 1988; Kluge, 1989a; Maddison, 1989; and Barrett et
al., 1991) was one of the first to call attention to the fact that consensus cladograms
of different fundamental topologies “‘cannot faithfully produce parsimonious
solutions from multiple character sets, because they cannot resolve conflict and
ambiguity according to evidence’’. Lessresolved topologies require more synapo-
morphies be explained as homoplasies (however, see below). Of course, the
more the fundamental, or secondary, cladograms differ, the more the consensus
hypothesis will be unresolved, and the greater will be the loss of descriptive and
explanatory power.

Recently, Swotford (1991: 311; see also Anderberg and Tehler, 1990) discussed this
particular criticism, and challenged the relevance of descriptive and explanatory
power in biological classification. He asserted that loss of such power is not really a
problem for taxonomic congruence because ‘*[p]lolytomous nodes on a consensus
tree do not indicate simuitaneous cladogenetic events”, they are only “areas of
uncertain resolution”. To Swofford, ““{c]onsensus trees are simply statements about
areas of agreement among trees; they should not be interpreted as phylogenies’’.
However, other historical biologists (e.g. Maddison, 1989) have considered
polytomies, which can result from either absence of evidence or incongruent
synapomorphies (Kluge, 1989b), to be either multiple-speciation events ¢revidence of
uncertain relationships. Mereover, descriptive and explanatory power is important in
investigating the nature of speciation (Wiley, 1981: 43-56), just as it is in trying to
understand the basis for the incongruent characters responsible for uncertain
relationships (Rieppel, 1989).

Swoftord’s (1991: 329} conviction that “an ambiguous solution [polytomy] that
contains the truth is, in many situations, preferable to an unambiguous solution
that is wrong™ would appear to justify his view of consensus hypotheses. But, such a
stance cannot be a compelling argument for how to practice cladistics, or any other
science for that matter, because a completely unresolved hypothesis would then
certainly contain the truth. Moreover, one might argue that completely resolved
phylogenetic hypotheses are to be preferred, because “‘[t]he more a theory
forbids, the better it is” (Popper, 1965: 36). In summary, polytomies might be
claimed to be more accurate, but they are surely less precise, and in the absence of
knowing the truth we are left with precision.
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Similarly, consensus may be viewed as a way of reaching the safest conclusion pos-
sible—*‘by restricting one’s final hypothesis to the points about which several com-
peting hypotheses agree, one appears to run a reduced risk of being mistaken”
(Barrett et al., 1991: 486). However, safety, like stability (predictivity) in classification
(Kluge, 1989a: 7-8), is not the ideal pursued by cladists, nor the criterion by which
they judge their labors. Likewise, strict consensus may be the most conservative
method, because it “instructs one to find those hypotheses about which gll the
best trees agree’ (Barrett et al,, 1991: 486; our italics}, but that does not provide
a compelling justification for its use in phylogenetic inference. In fact, one
could argue just as well that bold (Popper, 1968: 281), not safe or conservative,
hypaotheses mark cladistics as a science, because those kinds of propositions
emphasize disconfirmation, rather than verifiability (Platnick and Gaffney, 1977,
1978a,b}).

Hillis (1987) offered yet another view on the usefulness of polytomies from taxo-
nomic congruence. While he (p. 35) endorsed the position that “‘the best estimate
of phylogeny and the best estimate of character evolution are represented in the
analysis of the combined data sets”, it was claimed that '*[c]lassifications {tax-
onomies] are best based on information in common among multiple data sets
(i.e., consensus trees)”. Hillis (see also Anderberg and Tehler, 1990) effectively
attributed different descriptive and explanatory powers to cladograms and
hierarchies of names, and we doubt that solution will be acceptable to many
phylogeneticists. Surely, cladists should object.

Lastly, Cracraft and Helm-Bychowski (1991: 187; see also Cracraft and Mindell,
1989) attempted to make a case for taxonomic congruence with notions of
reliability and informativeness. They stated: ““Ideally, ‘relability’ is best thought of as a
parsimony problem and consequently should be judged in terms of congruence of
data. ‘Informativeness’, likewise, is also a parsimony problem. The two concepts are
related. A given tree, calculated to be the most-parsimonious, or bestfit, for some
set of data, can be taken to be a reliable estimate of the true phylogenetic history of
the taxa if most-parsimonious trees for other, independent data are congruent with
it. A given sample of [DNA] sequence can be judged phylogenetically informative if
it corroborates the most-parsimonious tree derived from other data. This reciprocal
duality between the structure of data and what is inferred from them manifests the
application of parsimony (and congruence analysis) to hypotheses at two different
levels of inference: that of the data (character homology or hypotheses of synapo-
morphy), and that of the phylogenetic hypotheses themselves”. Cracraft and
Helm-Bychowski (1991: 187) then went on to assess informativeness and reliability
in terms of stability, as judged by the “cladistic signal across partitioned subsets of
the data. That is, to the extent to which clades are corroborated by these different
subsets, the data will be judged informative and the phylogenetic hypotheses them-
selves reliable”. However, as noted above, stability per s¢ is not the goal of cladistics,
and therefore we must conclude that reliability and informativeness (sensu Cracraft
and Helm-Bychowski) provide no justification for taxonomic congruence. To be
sure, “‘phylogenetic hypotheses are better supported when additional independent
data are provided that lead to the same conclusion as the initial data set”,
but “[plhylogenetic hypotheses should not be stable under the addition of new
characters, if those characters in fact suffice to disconfirm genealogical conjectures
that were accepted earlier’” (Sober, 1988: 141-142; see also Kluge, 1980a: 7-82).
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We believe Cracraft and Helm-Bychowski have conflated topological identity with
evidential corroboration.

CRITICISM 2

Both taxonomic congruence and total evidence aproaches may employ one
rule, parsimony, in the discovery of fundamental and secondary cladograms,
respectively, and another rule, consensus, in summarizing equally parsimonious
hypotheses. Parsimony and consensus cannot be the same in so far as they involve
different justifications and methodologies, and they can lead to contradictory
results, Cracraft and Helm-Bychowski (1991:187) provided no evidence for their
assertion that “‘informativeness [consensus] . . . is also a parsimony problem”. Of
course, character congruence is operationally the same as consensus when charac-
ters are analyzed two at a time, as in compatibility analysis. However, that is not the
ordinary sense in which character congruence is understood, especially when one
considers that congruence is maximized on the best-fitting hypothesis for alf of
the evidence. Thus, to include parsimony and consensus in the same decision-
making sequence, relevant to discovering species relationships, is inconsistent, viz.
a particular criterion (e.g. parsimony) is and is not the basis for discavering sister-
group relationships for a given set of data. Certainly, logical inconsistency
contributed to compatibility analysis’ failure to become widely accepted as a
method for cladegram construction—the desire for complete resolution of rela-
tionships required that previously incompatible characters be empioyed at a later
stage in the analysis (Farris and Kluge, 1979: 402). We predict the sarne future for
those methods that necessarily seek consensus hypotheses.

CriTicISM 3

There are many methods for forming a consensus topology, and such methods
do not always give the same result when applied to a particular combination of data
sets. The problem is that choice among methods appears to be independent of any
reasoned biological considerations (Kluge, 1989a: 9), and disagreements are likely
to be common. There are even different opinions concerning the strict consensus
method’s popularity in phylogenetic inference. Some claim that its appeal is due to
“simplicity of interpretation’’ (Swofford, 1991: 297}, while others judge it to be
““the most conservatve” (Barrett et al., 1991: 487). It seems likely that choice of
methods and adjudication of different results will, at best, involve only technical
considerations of the algorithms (e.g. see review by Swofford, 1991). Thus, most
choices will be arbitrary, and such a basis for action has nothing to recommend it
in science. Arbitrary choice among countless methods was certainly one of the
factors that doomed phenetics.

CrITICISM 4

In addition to the loss of descriptive and explanatory power, Barretr et al. (1991;
see also Brooks, 1988) demonstrated that taxonomic congruence can actually
provide a positively misleading result (Nelson’s, 1993, interpretation aside; see
Barrett et al., 1993). As can be seen from Barrett’s et al. example (redrafted here as
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Fig. 3. The results of taxonomic congruence can be positively misleading with respect w those
obtained from an-analysis of the total evidence (example from Barrett et al., 1991: fig. 1). Two sets
of seven binary characters each, (a) and (b), describe four taxa, A-D, State { is plesiomorphic. The char-
acter distributions are identical in the two data sets, except for the synapomorphies which delimit the
(C,D) and (B, C) clades, {(a) and (b}, respectively. Unique bestfitting cladograms obtained from each
data set form the basis for the strict consensus hypothesis. A different topology is obtained from the
total evidence, (a) + (b). Note the sister-group relationships of taxon C in the four cladograms. 8 is the
number of evolutionary events required to explain the evidence; the smaller the number the better
fitting is the corresponding hypothesis. See text for further explanation.

Fig. 3}, the fundamental cladograms based on data sets (a) and (b), and their strict
consensus hypothesis, are inconsistent with the bestfitting branching pattern for
the pooled evidence, (a) + (b). The sistergroup (C,D) is specified by (a), (B, C)
by (b}, (B,C,D) by their consensus and (A, C) by (a) + (b}. Moreover, the total
evidence analysis provides a betterfitting hypothesis (fewer number of steps,
§ = 22), than does either of the fundamental cladograms (8 = 23), or their strict
consensus (8= 26), for the combined data. Barrett et al. {p. 488) argued that other
consensus methods are not immune to this problem because ““[olf all the different
methods, strict consensus is most likely to yield a result that is consistent with the
tree produced from a combined data set”. They concluded (p. 488} *‘that all con-
sensus methods can endorse trees that contradict the tree obtained from the
pooled data’’, and that {p. 491) *‘the consensus tree cannot be regarded as the best
(or 'safest’) inference to make from the available data’’.

CRITICISM 5

Taxonomic congruence involves equal weighting of data sets, and therefore the
constituent characters are unequally weighted when the sizes of the data sets differ
{Miyamoto, 1985; see also Cracraft and Mindell, 1989; and Kluge, 1989a). As Bar-
rett et al. (1991: 487) noted, the real problem is not differential character weight-
ing, but *“‘that the consensus procedure implies weightings of its own, and these
may be difficult to defend”’.
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CRITICISM 6

Another issue peculiar to taxonomic congruence concerns the approach one
should take in summarizing a suite of equally parsimonious cladograms obtained
from one data set with a suite of equally parsimonious cladograms retrieved from
another body of evidence. Do you take a consensus of each suite of fundamental
cladograms, and a consensus of those consensuses {Colless, 1981), or a consensus
of the two sets of branching patterns (Swofford, 1991: 319)? Or, as per Mickevich's
(1980; Schuh and Farris, 1981: 340) method, “‘the congruence of each tree in one .
suite with each tree in the other suite is measured, and the congruence of the
suites is taken as the maximum value of these pairwise comparisons’’? While Schuh
and Farris (1981) have argued convincingly why Colless’ (1981) method obscures
disagreement between data sets, choice among the other two approaches remains
an open question (see also Swofford, 1991: 317). Morcover, that the arguments pro
and con these alternatives can be affected by which consensus method is chosen
{see criticism 3 above) would appear to mean that an ambiguous decision will
always obtain.

CRITICISM 7

Partitioning evidence according to different types of data is fundamental to
taxonomic congruence, but in se doing one presupposes that classes of evidence
(e.g. molecular and morphological} actually exist in nature (Kluge, 1991). We have
yet to hear a convincing argument for such a reality, as mind-independent
categories, by those who search for historical patterns of relationships {e.g.
Swoflord, 1991: 328-329). To appreciate better the arbitrary nature of partitioned
evidence consider that allozymes can be defined as molecular, and. proteins as
morphological; however, such a distinction belies their closeness ontogenetically,
and separating them into these classes obscures their lack of indepenclence. Just as
cladists reject non-monophyletic higher taxa because of their artificiality, so must
they question artificial subdivisions of evidence because there is no reason to
believe those definitions have discoverable boundaries.

While systematists interested in historical patterns and processes may study
classes of characters, such as molecular and morphological, for reasons of tradition
and technology, such subdivisions do not provide a reasonable basis for claiming the
existence of classes of evidence. Evidence is evidence, and to cladists evidence is a
character match judged with character congruence to be a homologue (Patterson,
1982). There is nothing in the prescription for studying phenotypic and genotypic
variation that requires it to be organized into multiple character sets in order to
formulate phylogenetic hypotheses.

Suboptimal Hypotheses

Cracraft and Helm-Bychowski’s (1991: 184) “‘methodological strategies’” and
Swofford's (1991: 318) “muliifaceted approach” for inferring phylogeny have one
obvious thing in common, a preference for suboptimal hypotheses (see also Hillis
and Dixon, 1989). Cracraft and Helm-Bychowski's promotion of such a question-
able scientific philosophy lies in their attempt to assess the “‘phylogenetic signal™
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(pp- 189, 215), as a measure of stability; however, as we have already argued,
stability per se is not the goal of phylogenetic systematics. Swofford’s (1991: 329)
fjustification for suboptimal hypotheses fares no better in our opinion. He asserted
“*that an ambiguous solution [a consensus of non-minimal trees] that contains the
truth is, in many situations, preferable to an unambiguous solution that is wrong’’.
But, as we noted above, this can hardly be considered a scientifically-sound recom-
mendation. Further, neither of these groups of authors blunted the criticism that
the choice of a set of suboptimal cladograms is arbitrary, and of course, as Hillis
and Dixon (1989) and Swofford (1991) observed, consensuses of different sets of
near minimum length trees are often different. Stll further, the continuous nature
of tree length distributions (e.g. see Hillis, 1991: fig. 13.1; and Swofford, 1991: fig.
14.7) indicates that a set of suboptimal hypotheses could reasonably include every
possible cladogram for which there is some evidence, and once the decision is
made to pursue non-minimal length cladograms it does not end effectively until
the least optimal is included.? While such a generous course of action may avoid
the charge of arbitrariness, there is nothing else to recommend it. Lastly, we
emphasize that choosing sets of nearly equally most parsimonious hypotheses
means that some consensus method has to be employed in order to discover the
commonalities. Again, there is more arbitrariness, as can be seen in the variety
of consensus methods employed by Cracraft and Helm-Bychowski (1991) and
Swofford (1991).

Character Independence and Character Congruence

Character independence is an assumption that all phylogeneticists have to make,
whether they practice taxonomic or character congruence. That two or more
characters are independent can be taken to mean that they evolved at different
places and/or times within a species lineage (along a branch or interval of a
cladogram; Kluge, 1990: fig. 1).7 The reason character independence must be
considered in phylogenetic inference concerns the fact that amount of evidence is
used in choosing among alternative hypotheses of history, and therefare “‘each
synapomorphy in the character matrix is assumed to count as a separate piece of
evidence, viz. has the potential to confirm, or disconfirm, taxonomic relationships
independent of all other synapomorphies considered” (Kluge, 198%a: 11).

There are two different contexts in which the assumption of character indepen-
dence can be investigated. The first, and easiest, is to eliminate all redundancies
and correlations that occur in the descriptions of the different characters (e.g.
Smith, 1992). Those characters whose descriptions have passed such tests may be
termed “‘logically’* independent (Farris, 1983; 20; see however, Swofford, 1991;
327).

? This notion gave rise to the “slippery slope’” metaphor employed by A. G. Kluge in his talk, *“The
principle of total evidence: A maxim in phylogenetic inference”, presented in the Society of Systematic
Zoology symposium, Decemnber, 1989, ““Recent Advances in Phylogenetic Studies of DNA Sequences”,
organized by J. Cracraft and M. M. Miyamoto.

* E. Sober {pers. comm.) has suggested a more general definition of independence, one in keeping
with his maximum likelihood justification of parsimony (Sober, 1988). Namely, two characters are
independent if the probability of one of them changing on a given branch is independent of the other’s
changing. Simply, probabilistic independence means that the probability that both characters change is
the product of the probabilities that each changes.
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The second context can be much more difficult because an intraspecific
historical hypothesis may be necessary to judge whether or not the evelution of two
characters occurred at the same place and time (Kluge, 1991: figs 1-2). Of course,
congruent characters that are separated by a cladistic event can be assumed to be
independent, but such prima facie evidence is unavailable for judging synapo-
morphies at the same level of generality. Unfortunately, even our best-supported
phylogenetic propositions do not provide details of tokogenetic relationships
(Hennig, 1966), such that those synapomorphies can be judged as having had
an independent origin. Furthermore, the actual processes responsible for non-
independent evolution cannot be read from even the most detailed patterns of
organism relationships.

Nonetheless, Swofford (1991: 328) claimed that the assumption of indepen-
dence ‘“‘is usually much more plausible for characters in different sets than for
characters within the same data set””. While we acknowledge that he may be correct
in unusual cases, such as comparisons of phylogenetic hypotheses generated with
clonally inherited mtDNA or clonally inherited Ychromosome sequences,” there is
no necessary connection between “‘types’’ of characters and independence (see also
Nelson, 1979). Exactly why is it any more “plausible” to consider molecular and
morphological classes of characters to be independent than, say, skeletal versus
visceral characters? More importantly, the assumption of character independence
does not take on any greater significance between data sets than it cloes within a
data set. As Barrett et al. (1991: 492) stated, “*[i]f independent morphological (or
molecular) characters are to be combined with each other, it is hard to see why the
‘independence’ of morphological and molecular characters is a reasorn for keeping
them apart”’. We do not accept Swofford’s (1991: 328) claim that “*[t]he corrobora-
tion provided by the independent estimates would not be available if the data sets
were combined”’ .’

The importance of history in the fields of behavior and ecology is now firmly
established, as it is generally where past events relevant to processes are judged
in the context of a cladistic hypothesis. However, with this new-found relevance
has come a misunderstanding largely, if not entirely, promoted by systematists. It
has become common practice in phylogenetic inference to separate the characters
used to build a hypothesis of sistergroup relationships (character matrix X)
from thase characters whose histories are to be judged in terms of that hypothesis
[character set Y (Y can be one or more characters)]. In particular, we refer
to Brooks and McLennan’s (1991: 63; see also Coddinton, 1988; 7, 12, 20)
“cardinal rule: rever use the characters that are part of the evolutionary hypothesis under
investigation to build your phylogenetic tree. Rather, these characters should be
mapped onto an existing tree’”’. While their rule took various forms (e.g. p. 134
“never bias your analysis by using the ecological information you want to study
to build your phylogenetic tree’’), its basic message is that characters are not to

1 Even in relatively clear-cut examples such as this, exceptions may exist in which there may be
biparental inheritance of mtDNA (Hoeh et al,, 1991). Thus, non-independence between paternally-
and maternally-based phylogenies is theoretically possible,

® We believe the notion of corroboration should be reserved for the hierarchically correlated
evidence hypothesized by character congruence (Farris, 1969). The correlations provided by taxonomic
congruence will not be the same, to the extent the fundamental cladograms are different, and therefore
corroboration and consensus are not strictly equivalent.
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be involved as evidence of hsitory which are themselves to be interpreted
historically.

More specific arguments than “‘bias’’ have been used to justify the mapping
strategy. For example, as already noted above, Swofford {1991: 328) claimed that
the assumption of independence *‘is usually much more plausible for characters in
different datasets than for characters within the same dataset’’. Also, Coddington
(1988: 7) asserted that, to eliminate the taint of “circularity”’, the morphological
and functional characters involved in the historical study of adaptation should not
be used in formulating the cladograms on which the adaptive hypothesis is
reflected. According to Brooks and Mclennan (1991: 134}, to follow the rule is a
way to avoid changing a hypothesis of character history when different outgroups
are used (pp. 63 and 141). In addition, Pagel and Harvey (1988; see also Harvey
and Pagel, 1991) argued that the effects of adaptation and phylogenetic constraint
must be partitioned, and practicing the rule may be seen as a way of accomplishing
that separation.

We are not persuaded by any of these arguments. That of character independence
is not compelling, because the assumption of independence is made whether or
not a character is part of the total evidence or mapped on secondarily (see above).
Further, homologues give a cladogram meaning as a phylogenetic hypothesis, and
operationally character congruence (finding the bestfitting cladogram for a
matrix of synapomorphies) ultimately shapes our propositions of homology and
non-homology. Alter the pattern of taxonomic relationships and the process
explanation of some synapomorphy, inheritance due to common ancestry or
independent evolution, will likely change. Thus, the evolutionary history of synapo-
morphies will be judged finally in terms of the best-fitting cladogram, we believe,
for the entire, unpartitioned, body of relevant evidence (e.g. Platnick et al., 1991).
The act of “‘mapping’” a subset of characters on a cladogram derived from other
evidence, even in a parsimoniously optimal manner, to avoid the charge of circularity,
or for whatever reason, is not congruence in the aforementioned sense because
mapped characters have no effect on the phylegenetic hypothesis because they are
not independent of it. Both the homology of such characters and the parts of
history those synapomorphies mark are effectively ignored by mapping (Mickevich,
1982: 476-477).

Of course, the potential for producing the incorrect cladistic hypothesis is
magnified when a large data set is mapped on a cladogram, as is the case with
Swofford’s (1991: 317) newly proposed measure of incongruence (Iy). Mickevich
and Farris’ (1981} alternative method for partitioning the total incongruence into
within- and between-data set components does not have that problem (Kluge,
198%9a). The fact that Mickevich and Farris method includes a total evidence measure
of incongruence is actually an asset, not a ‘*difficulty” {conire Swofford, 1991: 316}.

As an aside, we see no reason why historical behaviorists and ecologists should
not fully participate in formulating the historical propositions on which they
judge character transformations of special interest. To use merely the efforts of
cladists for the purposes of mapping only removes the behaviorist and ecologist
from taking full responsibility for their conclusions and maintains the artificial
separation of research disciplines. The larger research program of comparative
biology (Rieppel, 1988), in which systematics is central, will not be allowed to grow
naturally under those circumstances.



194 A. G, KLUGE AND A.]. WOLF

Resampling Techniques

Many systematists attach considerable significance to the bootstrap and jackknife
resampling techniques,® but we doubt that an interpretation of statistical
significance is warranted.” Our position rests on the fact that the methods in
question make several assumptions, and that most, if not all, of those premises
appear to be violated. For example, Felsenstein (1985) acknowledged that the
following assumptions apply to bootstrapping: (1) the elements in the distribution
are “independently and identically distributed (i.i.d.)”" (p. 785); (2) the sample
observations are collected without bias by the investigator (viz. randomly); (3) the
sample of observations must be very large, such that each possible value will be
represented in the same proportion that occurs in the parameter distribution—in
other words, resampling from the original sample of observations with replacement
will be the same as sampling from the parameter distribution; (4) the algorithm
used to form a phylogenetic hypothesis from a data matrix actuzlly finds the
branching pattern of character covariation that best fits the data, and that in reject-
ing the null-hypothesis of random permutation, the most parsimonious estimate is
the phylogeny (Sanderson, 1989).

To justify the “‘iLid.” assumption, that each charcter evolved independently
and is identically distributed, Felsenstein (1985: 784) assumed that. evolution is
stochastic. Under such a model of evolution, a character would appear by chance
among and within the branches of the underlying phylogeny. Thus, according to
Felsenstein, “‘[e]ach character is then a random sample from a distribution of all
possible configurations of characters’’. However, Felsenstein acknowledged that
characters do not evolve independently of each other, and he admitted (p. 785:
see also Bermingham and Avise, 1986: 943) that this violation of the *‘i.i.d.”
assumption is “‘the most serious challenge to the use of bootstrap methods’. That
concern must also hold for the jackknife procedure (Felsenstein, 1988: 551), as
well as permutation tests, such as the permutation tail probability (FTP) of Faith
and Cranston {1991: 21-23), hecause they make the same assurnption. Regarding
the absence of investigator bias in sampling characters from the underlying
distribution, Felsenstein (1985: 785) further admitted that systematists may not
sample characters at random. We think it is more accurate to say the assumption is
never met (see also J. S. Farris, fn: Werdelin 1989: 192-193). As Sanderson (198%:
115) noted, “[t]his assumption is clearly at odds with many systematists’
professed intention of selecting only the more evolutionarily conservative charac-
ters for study’’. Usually, the sample size of characters, the third assumption, is far
too small to justify using bootstrapping. While it is not clear how large the sample
of characters must be, it seems safe to say that it is smaller than it could be when
only parts of the relevant available evidence are analyzed, as with taxonomic
congruence. Given that most systematists investigate phylogenetic relationships
with a limited data set (relative to that which is available in the comparative biology
literature), the assumption of large sample size must be understood to be violated
generally (e.g. Shaffer et al., 1991). Also, it should be emphasized, tc ascribe 95%

® Some journals, such as Molecular Biology and Evolution, in their instructions 1o authors, even
"“encourage’’ bootstrapping cladograms.

7 This is aside from the fact that the number of replications needed for precise estiration is almostt
always too small (Hedges, 1992), including, for example, the 1000 employed by Shaffer et al. (1991).
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confidence to a particular clade that group must be delimited by at least three
congruent synapomorphies (Felsenstein, 1985: Sanderson and Donoghue, 1989).
And, the fact that the resampling method only provides a confidence value for
each clade, not the entire cladogram (Felsenstein, 1988: 551; Sanderson, 1989),
means that no part of a perfectly-fitting, ladder-like cladistic hypothesis, where each
group is described by two congruent synapomorphies, can be significant at the 95%
level. Lastly, as Sanderson (1989: 115) pointed out, ‘“‘there seems little point in
estimating sampling distributions from an underlying distribution of characters if
the estimator itself [the algorithm for finding bestfitting hypotheses of relation-
ships], when applied to that distribution, provides misleading results””. Thus,
we must assume minimally that the algorithm employed finds the bestfitting
hypothesis(es). When heuristic algorithms are used to analyze highly incongruent
data this assumption may be violated.

In addition, Felsenstein's (1985) bootstrap method is sensitive to the frequency
of the characters in the data matrix (J. S. Farris, pers. comm,; Faith and Cranston,
1991: 21; Carpenter, 1992). The inclusion of autapomorphies actually lowers
confidence limits, and many such uninformative characters are observed in
allozyme and nucleotide sequence data. Also, the fact that the number of synapo-
morphies at one level of generality can diminish the significance of less generally
shared derived states clearly calls into question Felsenstein’s (1985: 784} stochastic
model of evolution and his formulation of the bootstrap method. Even adding in-
variant characters can change the bootstrap *'statistic™.®

From this brief review of the assumptions made by the bootstrap and jackknife
resampling procedures, and the prospect that most, if not all, will be violated, we
find conclusions derived from bootstrapped (and jackknifed) confidence limits to
be without basis. Further, these methods cannot, on pain of circular reasoning, be
used to investigate character independence because characters must be “‘regarded
as independently evolved on the same phylogeny’” (Felsenstein, 1988: 551; contra
Shaffer et al., 1991). Still further, the bootstrap and jackknife, like the matrix
permutation approaches of Archie {1989) and Faith and Cranston (1991), suffer
from not having a clear relationship to corroboration, which is central to cladistics
{Carpenter, 1992}.

Discussion

Our survey of taxonomic congruence, suboptimal hypotheses, character
independence and congruence, and the bootstrap and jackknife resampling
techniques, identifies practices and principles that differ significantly from those
ordinarily understood to be Hennigian. Obviously, if cladists accept these additions
then the tenets of cladistics will be changed and its limits redefined accordingly.
However, before that happens, we urge that the more general consequences of
such actions be considered carefully. For example, we believe the methodological
strategies of taxonomic congruence and the use of suboptimal hypotheses involve
many decisions arrived at without reason, and it will not be possible to argue that
cladistics is coherent and logically consistent if those practices become a routine

# Goloboff (1991; sec also Kallergjo et al., 1992) should be consulted for a more lengthy discussion
of the affect of character frequencies,
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part of phylogenetic systematics. In addition, we observe that these strategies, as
well as the bootstrap and jackknife resampling techniques, have more advocates
among those who consider their particular type of data as special, such as molecular
biologists, Thus, we would have to conclude that cladistics will become special-
purpose, rather then remain general, with the approval of these strategies and
techniques. Special purpose translates to ad hoc.

Alsa, we urge careful consideration of the argument for taxonoemic congruence,
and consensus in particular—that it allows all péssible evidence to be compared,
such as provided by character and molecular distance data. But, we must ask, what
can be learned about phylogeny from a comparison of taxonomic relationships
based on, say, morphology and immunological or DNA annealing (hybridization)
data sets? When the fundamentai topologies obtained from such sets confirm,
there remains the empirically difficult issue of independence, as discussed above.
Even less satisfactory, when those topoelogies disconfirm, there appears to be no
empirical basis for evaluating the differences—cladistic rules of evidence do not
apply to distance data (J. 8. Farris, Jn: Werdelin, 1989; 192-193; Kluge, 198%a: 21).
Given that “molecular distances seldom provide much useful information on
phylogenetic relationships™ (Farris, 1981, 1985a: 67), one is left to wonder how the
anaiysis of such data can be used as a justification for taxonomic congruence and
consensus (Cracraft and Mindell, 1989: 399).

Finally, we imagine that some of the popularity of the aforementionzd methodo-
logical strategies and resampling techniques, and the assumption of independence
in the context of taxonomic congruence and the cardinal rule of Brooks and
McLennan (1991), derives from the belief that phylogenetic inference is
hypothetico-deductive {(e.g. Nelson and Platnick, 1984: 143-144), or at least that it
should be. Even the uses to which some might put cladograms, such as ‘“‘testing”
adaptation (Coddington, 1988} ,° are presented as hypothetico-deductive. But, this
ignores an alternative, that cladistics, and its uses, may be an abductive enterprise
(Sober, 1988). We suggest that the limits of phylogenetic systematics will be
clarified considerably when cladists understand how their knowledge claims are
made (Rieppel, 1988; Panchen, 1992).
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