PHYLOGENETIC MODELS AND CLASSIFICATION
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Abstract

Cracraft, J. (Dept. Anatomy, University of Illinois at the Medical Center, Chicago, IIl.
60680). 1974. Phylogenetic models and classification. Syst. Zool., 23:71-90.—Several
statements are suggested as necessary for the formulation of any theory of phylogeny re-
construction; these include statements about kinship relationships, the origination and
diversification of taxonomic units, and clustering. From these basic statements an attempt
is made to construct phylogenetic models corresponding to the theory and methods of the
two principle schools of systematic thought. The models are compared, and it is concluded
that the phylogenetic systematic model is a more powerful tool in reconstructing phylogeny
than is the evolutionary systematic model. The ways in which the phylogenetic models
influence the form and content of classifications are discussed. Only information about
phylogenetic (cladistic) relationships can be stored in and retrieved from Linnaean hier-
archical classifications, and thus classifications should be based on a phylogenetic systematic
model because such a classification will reproduce precisely the information (phylogeny)

used to construct it. [Phylogeny; Classification; Phylogenetic models.]

The study of phylogeny concerns the evo-
lutionary history of lineages of organisms,
and for many biologists an important ques-
tion has been and remains: How do we
reconstruct that history? Many different
opinions have been expressed with regard
to phylogeny reconstruction, and the theory
and methodology are complex and con-
fusing. The basic premises that seem to be
common to all theories of phylogeny have
not been -enumerated, and much that has
been written appears to circumvent discus-
sions designed to clarify these basic issues.

The purpose of this paper is to discuss
what are perhaps the basic conditions or
statements necessary for any theory of phy-
logeny reconstruction. It will be suggested
that these statements can be used in con-
structing several different “models” of phy-
logeny reconstruction, each of which
roughly corresponds to a different “school”
of systematic theory in existence today. It
is probably fair to look upon these different
research strategies as “models,” because
each is a synthetic method that seeks to
order natural phenomena, i.e., observational
data. It is hoped that by conceptualizing
these alternative viewpoints, future dis-
cussions can be directed to substantiative
issues, namely, the defining statements of
each model. When passing judgment on
alternative systematic theories, what some

evolutionary biologists often do not fully
appreciate is that preference for a particular
model should be made on the basis of how
its logical structure explains or orders obser-
vational data in a consistent manner. Thus,
it will be another purpose of this paper to
suggest that one way in which we might
exercise a choice for a specific phylogenetic
model would be to consider the following
question: How do different models of phy-
logeny reconstruction influence the form
and content of classifications? Because the
form and content seem to be conceptually
related to specific notions of phylogeny (see
below), it follows that differences in the
logical structure and the ability of these
different classification theories to order
data might themselves provide insight into
the worthiness of the various phylogenetic
models.

PHYLOGENETIC MODELS: BASIC COMPONENTS

Any attempt to reconstruct phylogeny

. necessarily mirrors an investigator’s prior
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conception as to how the phylogenetic pro-
cess actually took place. It would seem,
however, that all models of phylogeny will
be constrained to include certain basic
components. These might be:

A. A statement about the nature of kin-
ship relationships to be accepted among
taxonomic units.
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Fic. 1.—Three taxa (A,B,C) can be related to one another in 13 different ways. Phylogenetic Model

A only assumes a relationship of hypothetical common ancestry (A-D).

Phylogenetic Model B assumes

that a relationship may be either of hypothetical common ancestry (A-D) or ancestral-descendant lineages

(E-M). See text.

There appear to be only two alternatives
(Nelson, 1970): either the taxonomic units
share a common ancestry or there is an
ancestral-descendant relationship among
them. Thus, if we consider three taxonomic
units, A, B, and C, there are 13 ways in
which they can be interrelated (Fig. 1).

B. A statement about the origination and
diversification of taxonomic wunits into
lineages.

This statement would include acceptance
of one or more of the current models of
evolutionary change at the level of the
taxonomic units themselves e.g., phyletic
gradualism (phyletic evolution) or some
speciation theory (see Mayr, 1963).* Several

considerations follow from statement B that.

seem crucial to phylogeny reconstruction.
First, statement B, along with statement A,
forms a basis for a conception about the

1 “Phyletic gradualism” is used here and in the
remainder of the paper in the sense of the gradual
evolution of one species into another (i.e., species
transformation) and not merely morphological
change through time (i.e., within a species).

nature of ancestors, i.e., whether or not they
are to be considered as knowable in an
empirical manner. Second, statement B also
incorporates some conception about the
geometry of the lineages, i.e., whether they
are to be considered as nonbranching, di-
chotomous, or polytomous. The importance
of these two points will be discussed below.

C. A statement about the methods used
to cluster lineages of taxonomic units.

Statement B specifies that some evo-
lutionary process has produced diversity
and change, and clustering is the associating
of resulting taxonomic units according to
some convention. Within evolutionary bi-
ology that convention is usually taken to be
some aspect of kinship relationship (state-
ment A).

The above three statements appear to
include the necessary components of a re-
search strategy designed to reconstruct phy-
logeny. Perhaps an additional statement
could be added about the nature of the
taxonomic units, but it is probably not
necessary. Any taxonomic unit will consist
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of a collection of individuals associated with
one another on the basis of some criterion.
In practice, whether one looks upon these
associations as “species” or “OTU’s” seems
to be of little importance, and the terms will
be used interchangeably. Different con-
cepts of taxonomic units will not be con-
sidered here, nor will the implications of
these concepts for the phylogenetic models.

To the extent that there can be differ-
ences of opinion about the content of state-
ments A-C there can be a number of phylo-
genetic models. It would be a mistake to
interpret the differences among models as
minor, since each is the basis for ordering
and explaining natural (historical) phe-
nomena and each does this differently.
Indeed, it might be argued that phylo-
genetic models are among the most im-
portant generalizations in biology, for in
some sense many other models or theories
(e.g., speciation theory) are subsumed in
them. Comparative biologists, whether sys-
tematists, behaviorists, or ecologists, have a
vested interest in choosing the most pow-
erful model insofar as the model itself may
control one’s viewpoint of the “real” world:
“innocent, unbiased observation is a myth”
(Medawar, 1969:28).

What follows is a description of the two
major phylogenetic models in use today.
For the moment I will not attempt to imply
an acceptance or rejection of either but
merely a fair, and hopefully not too biased,
interpretation of their principle premises.
Following these descriptions, the models
will be compared and evaluated. Naturally,
it is difficult to condense the opinions of
many workers into several premises which
purport to represent a collective theoretical
“school” that itself may be quite diverse. I
appreciate the charge that I may be at-
tempting too much, but at the same time
the manner in which each “school” has been
attacked and defended suggests that an
effort to simplify the basic features into
models may be of value for future discus-
sions. Furthermore, I have attempted to
anticipate the criticism of inaccuracy in
describing someone’s position and so have

used relevant quotations, but in so doing
I hope this will not merely shift the criticism
to a different level—quoting out of context.

PHYLOGENETIC SYSTEMATIC MODEL (MODEL A)

The first phylogenetic model has been
adopted by the practitioners of phylogenetic
systematics. The principles of this method
of phylogeny reconstruction have been dis-
cussed in detail by its various proponents
(Hennig, 1950, 1966; Brundin, 1966, 1968,
1972; Nelson, 1970; Schlee, 1971; Cracraft,
1972; Griffiths, 1972). Farris, Kluge, and
Eckardt (1970) have proposed an axiomati-
zation of this model; their approach differs
from that presented below in being more
formalized, and they did not make com-
parisons with other possible models. Many
of the basic concepts of phylogenetic sys-
tematics are traceable to Darwin (Hull,
1964; Nelson, 1971a), but they were neither
precisely formulated nor broadly applied
until Hennig (1950). The phylogenetic
systematic model (Model A) can be de-
scribed as follows:

A. Ancestors cannot be recognized or
identified but can only by hypothesized.

This statement of Model A is illustrated
in Fig. 1A-D. The premise than ancestors
cannot be known in an empirical sense is
accepted but rarely emphasized by various
advocates of Model A (e.g., Hennig, 1966;
Brundin, 1966), and the subject has been
discussed in detail only by Nelson (1972b;
1973). I will suggest repeatedly in what
follows that conceptions about ancestors are
a major source of bias in collecting and
interpreting neontological and paleonto-
logical data. The implications of this prem-
ise are considered important by proponents
of Model A (Nelson, 1972b:367): “To as-

. sume that the relationships between all

known species and groups of species,
whether fossil or recent, involve hypo-
thetical common ancestral species, which
are empirically unknown and unknowable,
divorces problems of relationships from
data concerning stratigraphic distribution
of fossils.” See also below.

B. Species originate by allopatric speci-
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ation not by phyletic gradualism, and phy-
logenies are usually assumed to be dichot-
omous branching sequences.

Eldredge and Gould (1972) and Eldredge
and Tattersall (in press) have discussed
in some detail the reasons for preferring
an allopatric speciation model rather than
one of phyletic gradualism. Slow trans-
formation of one taxon into another, without
splitting, may occur, but as a model it “fails
to recognize that speciation is primarily an
ecological and ‘geographic process” and is
“an insufficient picture to explain the origin
of diversity in the present, or any past,
biota” (Eldredge and Gould, 1972:97).
Moreover, if the criteria used to recognize
ancestors are unreliable (see below), phy-
letic gradualism cannot be examined opera-
tionally. Advocates of Model A do not
accept phyletic gradualism because that
would necessitate recognition of ancestors.

The allopatric speciation model implies
the multiplication of species by splitting of
populations followed by rapid divergence.
Within Model A this splitting is considered
to be dichotomous, since it would be
very improbable for more than one isolate
to reach species-level distinction simulta-
neously. Hence, kinship relationships such
as those of Fig. 1A-C are preferred. Essen-
tially, dichotomous branching is a method-
ological principle, and as pointed out by
proponents of this model (Nelson, 1971a;
Brundin, 1972), an hypothesis of multiple
speciation (Fig. 1D) need be accepted only
after it has been impossible to find support
for any of the possible dichotomous hy-
potheses. Advocates of Model A do not
categorically deny the possibility of mul-
tiple speciation; they merely claim that
most observational data are explained by

dichotomous branching, hence the latter

should be the first hypothesis to be tested
in subsequent cases.

C. Related species are clustered into
lineages on the basis of shared derived
characters.

This axiom of phylogenetic systematics
has been discussed by numerous workers
and need not be considered in detail here

(see Hennig, 1966; Brundin, 1966). Pre-
sumably homologous characters are com-
pared among the taxa being studied. Alter-
native character-states of each character are
determined and their distribution noted.
Evolutionary (primitive-derived) sequences
of the character-states are hypothesized,
and taxa are clustered on the basis of shared
derived character-states. Primitive similar-
ities are considered to contain no phylo-
genetic information and are not used to
cluster taxa. A discussion of the criteria
for determining primitive-derived sequences
is outside the purpose of this paper (see,
e.g., Maslin, 1952; Hennig, 1966; Crowson,
1970; Kluge, 1971; Cracraft, 1972), but there
is general agreement among systematists of
very different persuasions (e.g., nearly all
paleontologists, most of whom are not fol-
lowers of Model A) that reliable evolu-
tionary sequences can be constructed for
many, but not all, character-states.

Application of Model A produces phyletic
branching sequences of the taxonomic units.
Because ancestral species are hypothetical
constructs (statement A), relationship is
defined interms of relative recency of com-
mon ancestry. Although all biologists rec-
ognize that the evolution of lineages
involves both branching and subsequent di-
vergence, Model A proposes to reproduce
that history by providing first a method-
ology to construct branching sequences.
Under Model A the degree of divergence
is determined after branching sequences
have been postulated; divergence is thus
considered to play no role in clustering
lineages.

EVOLUTIONARY SYSTEMATIC MODEL (MODEL B)

The second model is that advocated by
evolutionary systematists, particularly Simp-
son (1961), Mayr (1965a, 1969), Ghiselin
(1972), and Bock (1973). Because the con-
cepts and methods of evolutionary system-
atics have been less precisely formulated
than those of Model A, characterization of
Model B is more difficult and complex. To
my knowledge the theory of phylogeny re-
construction as advocated by evolutionary
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systematists has never been precisely for-
mulated, and it is suggested that doing so
facilitates its understanding. Model B
might be described as follows:

A. Ancestors can be recognized and iden-
tified, although sometimes they can be re-
garded as hypothetical.

B. Species originate by allopatric speci-
ation but also by phyletic gradualism.

Within the framework of Model B it is
not possible to discuss statements A and B
separately, as was done above for Model A.

Many, if not most, paleontologists using
Model B identify ancestors in practice and
assume that phyletic gradualism (phyletic
evolution) is of common occurrence (Eld-
redge and Gould, 1972). As Mayr (1963:
429) notes “When a paleontologist speaks
of speciation, he usually has . . . phyletic
evolution in mind.” Acceptance of phyletic
gradualism appears founded on the as-
sumption that ancestors can be recognized
(e.g., Fig. 1 E-M). A cursory glance at the
literature is sufficient to demonstrate that
paleontologists commonly identify specific
fossil taxa as ancestors. Most of these
studies probably involve recognition of an-
cestral groups at generic and familial levels,
but some construct lineages among species-
level taxa (see, for example, two recent
papers on elephant phylogeny: Aguirre,
1969, and Maglio, 1970; see also the explicit
statements of Kurten, 1965:347-349). Fur-
thermore, the way in which paleontologists
(e.g., Simpson, 1961:83; McKenna, 1969)
and neontologists (e.g., Cain, 1959:212, 215;
Cain and Harrison, 1960:2, 3; Harrison and
Weiner, 1963:77; Mayr, 1965b:167, 169;
Ghiselin, 1972:137; Sneath and Sokal, 1973:
37, 48, 50) advocate fossils as salient com-
ponents of phylogeny reconstruction is a
strong indication of the prevalent belief in
fossil taxa an ancestral units. The important
point with respect to formulation of model
B is not that most of these workers believe
a specific fossil taxon is the exact ancestor
of another (although some do believe this),
and I am not pressing this point, but that in
constructing phylogenies they do represent
internodes by named taxa.

Nearly all neontologists accept allopatric
speciation (with certain limitations) as the
best model for organizing their obser-
vational data. Some also Dbelieve that
phyletic gradualism can occur, although
probably only under special circumstances
(e.g., Mayr, 1963:428-429), but because
they almost never criticize, and so readily
accept, the ancestral-descendant lineages
of paleontologists, it is apparent that the
theoretical and methodological implications
of statements A and B, above, are seldom
considered.

Model B thus presupposes a combination
of allopatric speciation and phyletic gradu-
alism, and phyletic branching is not always
considered to be dichotomous, that is, mul-
tiple speciation is sometimes accepted (Fig.
1D). It is difficult to say to what degree
this concept is consciously used by evolu-
tionary systematists. Paleontologists regu-
larly draw phylogenies whose topology im-
plies multiple speciation (Simpson, 1961:
250£f), but so do some neontologists (e.g.,
Mayr, 1964:23). Neontologists perhaps do
not accept multiple speciation as readily as
paleontologists, possibly because the former
usually refrain from deriving numerous
Recent species from another Recent species.
Model B, therefore, does not contain any
specific concept about the nature of lineage
branching.

C. Related species are clustered into
lineages on the basis of “weighted” simi-
larity.

As noted earlier, species must be clus-
tered in order to satisfy some convention
regarding kinship relationships. In Model
B species are clustered on the basis of both
ancestral-descendant relationships and rela-
tionships between species of common an-
cestry. These are often referred to as ver-
tical and horizontal relationships (Simpson,
1961:129). The recognition of several kinds
of relationship by some neontologists under-
lies their “unified” concept of relationship
with its “two distinct meanings, genetic re-
lationship and genealogical relationship”
(Mayr, 1965a:79), the former being essen-
tially equal to a measure of phenetic simi-
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larity and the latter to relationship among
species of common ancestry. In some sense
“phenetic-genetic” relationship (or simi-
larity) is a measure of horizontal relation-
ship among contemporaneous species. Al-
though the concepts of relationship of
paleontologists such as Simpson (1961) and
neontologists such as Mayr (1965a, 1969)
are not precise equivalents (see especially
Nelson, 1972b, on this point), in practice
they seem to cluster taxa in similar ways
(see below). A critical problem that does
not facilitate an easy description of their
individual or combined position is that a
clear distinction is usually lacking as to
whether they are clustering species into
lineages or taxa into taxonomic groups (i.e.,
a distinction is not made between phylogeny
and classification).

The acceptance of vertical and horizontal
relationships has influenced the approaches
Model B uses to cluster related taxa. Thus,
there is the assumption that one must have
criteria that provide a measure of both
kinds of relationship, or “genetic” similarity
in their terminology, and that measure is
taken to be weighted phenetic similarity
(Mayr, 1964:22; 1969:200). Probably most
paleontologists, following Simpson (1961),
cluster taxa into lineages on the basis of
stratigraphic position and a measure of
phenetic similarity: “to form evolutionary
taxa, their propinquity of descent is crucial
and this is judged largely on similarities
among them” (Simpson, 1961:67). Simpson
(1961:83; see also 1960:122) clearly looks
upon fossils as “directly historical data” and
believes that homology is the most signifi-
cant kind of similarity (see especially 1961:
78-79) at indicating (mainly vertical) rela-
tionships. In theory genetic similarity

(1961:90) is the “most conclusive possible

criterion of homolgy,” but Simpson implies
(p. 88) that “minuteness of resemblance
and multiplicity of similarities” are the main
basis for recognizing homologies in prac-
tice (see also 1959:301). Thus, it appears
to be a fair evaluation that paleontologists
who follow Simpson (which probably means
most vertebrate paleontologists) use a com-

bination of “overall” similarity and strati-
graphic position to construct lineages.
Simpson himself (1963:9-12) in a theoret-
ical example uses a measure of “overall”
similarity to cluster (see especially his
comments on p. 12).

“Weighted phenetic similarity” has not
been discussed by neontological advocates
of Model B with any precision. “A priori”
weighting (i.e., prior to the clustering of
related taxa) is not favored by Mayr (1969:
217) because “neither function nor con-
spicuousness nor any other known aspects
of a character gives it a priori greater weight
than other characters” (emphasis mine).
Mayr (1969:218) recommends the replace-
ment of “a priori” weighting with “an em-
pirical process” called “a posteriori weight-
ing.” He notes that the “scientific basis of
a posteriori weighting is not entirely clear,
but difference in weight somehow results
from the complexity of the relationship
between genotype and phenotype. Char-
acters which appear to be a product of a
major and deeply integrated portion of the
genotype have a higher information content
concerning- other characters (which are
also products of this genotype) and thus
are taxonomically important” (emphasis
mine).

OTHER PHYLOGENETIC MODELS

This paper will not attempt to discuss
other phylogenetic models. Models A and
B, perhaps with some slight modification,
seem to underlie the vast majority of re-
search dealing with phylogeny reconstruc-
tion since the time of Darwin. Recently,
some attempts have been made to recon-
struct phylogeny using quantitative ap-
proaches. Some of this work falls within
the framework of Model A (Camin and
Sokal, 1965; Kluge and Farris, 1969; Farris,
Kluge, and Eckardt, 1970), others perhaps
within Model B (Eades, 1970). The extent
to which other studies represent Model A,
Model B, or some as yet undefined model
cannot be determined at present. Certainly,
no other model has had broad applicability
within evolutionary biology. The present
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analysis, while restricted only to Models A
and B, can provide a basis for comparison
with future models if and when they
appear.

COMPARATIVE ANALYSIS OF MODELS A AND B

It is assumed that the foregoing is an
accurate description of the two phylogenetic
models. Although they seem to be asking
the same kinds of questions about natural
phenomena, in some sense they are not be-
cause each has preconceived notions as to
how nature is ordered in the first place, and
that in turn dictates the connotation of the
questions that are generated (see Lewontin,
1969, on this point). Even this analysis is
not free from this kind of bias, and no
pretense is made that it is “objective.” Thus,
from my prior position of advocacy for
Model A, it seem advantageous to compare
the two models in terms of statements A,
B, and C of the general phylogenetic model.

Statement A: Kinship Relationships

It would seem that the reason for the
widespread acceptance of the notion that
we can in fact recognize ancestors is that
paleontologists have been convincing that
they can do just that. Undoubtedly, their
belief in phyletic gradualism (see below)
has been a major factor in this acceptance.
It is understandable that paleontologists
have lacked a strong desire to question this
tenet, simply because its demise brings
into question the role paleontology has
made for itself within evolutionary biology.
Fortunately, however, some paleontologists
are beginning to advocate a more critical
approach to the analysis of the fossil record
(e.g., Gaffney, 1972; Eldredge, 1971, 1972;
and especially Schaeffer, Hecht, and Eld-
redge, 1972).

While most paleontologists continue to
identify putative ancestors, they fail to
provide meaningful criteria for recognizing
a given fossil as being ancestral to another
fossil or Recent species. Two criteria—ear-
lier stratigraphic occurrence and relatively
greater morphological primitiveness—are
often implied. "That both criteria, taken
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Fic. 2.—A phylogeny of four fossil taxa, A-D,
that have been recovered from the time-intervals
shown (T1-T3). Note that those taxa (C,D)
originating earliest in the phylogeny occur later in
time. Also shown is the distribution of character-
states for eight characters (a=h, primitive character-
states; a’~h’, derived character-states). Note that
taxa A and B are relatively more primitive than C
and D. Note that it would be incorrect to consider
A and/or B to be the ancestor(s) of C and/or D
on basis of stratigraphic position and/or morpho-
logical primitiveness.

separately or together, may be unreliable
is shown in Fig. 2. Paleontologists often
assume or imply that taxa occurring earlier
in time are ancestral; Fig. 2 shows that taxa
arising most recently within a phylogeny
might be found earlier in a stratigraphic
section, and those originating earlier in the
phylogeny might survive to be fossilized
higher in the section. The figure also il-
lustrates that those species arising earlier
within a phylogeny may be morphologically
more advanced (i.e., possess a greater pro-
portion of derived character-states) than
those taxa arising later. A related point is

‘that the stratigraphic position of a character-

state (e.g., characters a and b of Fig. 2)
does not necessarily imply a particular di-
rection of polarity as assumed by some
workers (e.g., Bretsky, 1971:217-218).
While many. paleontologists might admit to
the validity of the hypotheses of Fig. 2,
few realize that the only way to refute them



