APPENDIX IV

A STATISTICAL METHOD FOR THE QUANTIFICATION OF CHARACTER "COVARIANCE"
! IN DISCRETE CHARACTER DATA

One of the most widely agreed but frequently ignored tenets of
comparative morphology is that characters or traits generally do not
evolve independent of each other, but rather behave as members of sets
or "character complexes". One oft-cited example concerns the mammalian
dentition, wherein cusps and crests on the upper and lower molar teeth
must change simultaneously during evolution, so as to preserve precise
occlusal relations and hence functionality.

To a phylogeneticist, the potential existence of such
"character correlations" means that any simple tally of similarities
between two taxa may be an inflated estimate on account of the
repeated counting of inter-related elements of one or more functional
or ontogenetic "character complexes™. Not suprisingly then, it is a
basic prerequisite of quantitative methods of phylogeny estimation
(such as Parsimony, Compatability and Maximum Likelihood Methods),
that the characters employed in the analyses are independent of each
other, i.e. that change in any one character is not likely to entail a
change in any other character. How this might be determined a priori
has been unclear, however, and the requirement has rarely, if ever,
been satisfied.

The Structural approach to morphology puts a very different
perspective on the issue. Under this paradigm, the phenomenon of
character covariance is but one facet of organismic integration - an
intrinsic property of all organisms. Rather than being regarded as a
problem to be avoided or anulled, character correlations are thus
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identified as an all pervasive component of morphology and moreover,
as the very key to the understanding of form.

Previous attempts to detect and eliminate potential character
"correlations" have been of two kinds. The first, is exemplified by
Hecht's (1976) theoretical constructions and Archer's (1982) analysis
of thylacinid-borhyaenid affinities. In Archer's words,

"if, in related taxa, it is possible to find a feature
evolving independently, that feature should be treated as
a separate character in each of the related
taxa."(1982:451).

As justification for this position, Archer argues that to find
such a case of non-concordant change in character states is to
“"demonstrate their separate genetic control". There are two problems
with this argument. The first is that it depends very much upon the
Neo-Darwinian notion of "genes for parts"™, which, as I argued in
Chapter 1 of the main text, is inconsistent with available evidence.
The second is that the "all or nothing" approach to character
correlation would seem to be inconsistent with the modern Neo-
Darwinist emphasis on polygeny and pleiotropy, and the related,
quantitative genetic approach to morphology.

The second approach to the analysis of character correlation is
exemplified by Olsen and Miller's (1958) classic study of
"Morphological Integration”". Here, the complex interrelations of
characters were examined in a quantitative manner using statistical
methods of correlation analysis.

As recognised by Olsen and Miller and many subsequent workers,
the methods they proposed are applicable only where the study sample
can be regarded as a valid statistical sample of some wider
population. When the sample under study is drawn from a single
biological population or species, such a condition may be met, and the
method can be a powerful tool (e.g., Atchley et al.1985). By contrast,
when the sample draws upon members of more than one taxon, the
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question must be asked as to what exactly constitutes the population,
and hov a valid "sample” of such a population might be chosen.

The problem of how to sample a supraspecific category has been
much discussed in recent years (e.g., Harvey and Mace 1982; Ridley
1983). In all cases, the primary interest has been in the "testing" of
morphological (or behavioural) adaptation, i.e., the relationship

between intrinsic (what organisms look like or do) and extrinsic
(wvhere they live).

A wvell-thought out version of this approach was presented
recently by Ridley (1983). Working on the same problem of how best to
demonstrate adaptation in statistically meaningful terms, Ridley
argued for a historical perspective in which the pattern of character
changes, as represented on a cladogram, is compared with the
distribution among the taxa of various lifestyle parameters related to
extrinsic conditions. Ridley's breakthrough was to realize that it was
the distribution of character change (i.e., the process of adaptation)
that had to be compared with extrinsic parameters, rather than the
simple distribution of character states.

Ridley's emphasis on character change, his portrayal of
phylogeny as comprised of historical events, and the reliance upon a
predetermined cladogram as the basis of analysis, are all elements
that occur also in the methodology of Structural Analysis (Lauder
1981, 1982; Schaeffer and Lauder 1986). In fact the only major
difference between the two is that Ridley compared intrinsic with
extrinsic features, while Lauder is concerned exclusively with
intrinsic features. Given this similarity in methodology, could it be
possible that Ridley's statistical approach - one based on the
comparison of "actual" patterns of association, with those that would
be "expected" through random chance - might be adapted to test the
association of two intrimnsic characters?

Exactly how this might be done was not readily apparent. Simply
drawing up a matrix of co-occurence of different states does not
provide the necessary information, since the resulting patterning is
clearly comprised of two components - a phylogenetic one and a
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structural one. The phylogenetic component of the matrix owes its
presence to the fact that two particular characters may co-occur
simply because both were present in the common ancestor of a group,
and pneither character changed during their subsequent radiation.

The conceptual breakthrough leading to the development of the
present method involved only a minor shift in emphasis - the focussing
of attention away the taxa themselves (i.e. the nodal points on the
cladogram), and onto the inter-taxic transformations (i.e. the
segments of the cladogram). Having taken this step, it was at once
apparent that, for any given character set and phylogeny, the

structural component of the "co-occurence" matrix may be quite simply
obtained.

In the remainder of this Appendix, I shall outline some of the
basic assumptions behind the resultant method, propose one way in
vhich the resultant "covariance" matrix can be transformed for
statistical assessment, and speculate on possible further directions
for development. I should emphasize from the outset that I regard the
method as presented here to be very much an unsophisticated "first

draft™, and that it quite likely possesses far greater potential than
could be explored here.

Some basic concepts

The method is founded on a number of basic observations and
premises. The first is that a cladogram may be regarded either as a
portrayal of static hierarchical pattern (as suggested by the "pattern
cladists") or as a portrayal of the historical sequence of derivation
(Lauder 1981; Fink 1982)). Whereas the former approach focuses
attention upon the taxa (consisting of terminal taxa and the sub-
terminal, hypothetical taxa specified at internal nodal points), the
latter focusses attention on the inter-nodal segments. In the same
way, the distribution of character states across the cladogram may be
represented either in terms of stasis or in terms of transformation.
Character stasis on a cladogram is depicted by the series of specific
character state arrays (i.e., things) that are associated with each of
the nodal points (terminal and non-terminal). Transformation, on the
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other hand, is depicted by the suite of character state changes or

transformations (i.e., processes) which are associated with some at
least of the inter-nodal segments.

The second is that each inter-nodal segment of a cladogram can
be vieved as a discrete historical event (or a related series of
discrete but indistinguishable events), each of which may be thought
of as an independent morphological "trial" providing an opportunity
for morphological pattern to unfold.

The final element is the notion that the phenomenon of
"character correlation" and the "character complex" as a conceptual
entity are both elements of a more general phenomenon - the "process"
that I shall henceforth refer to as "character co-transformation".

The analytical procedure

As should be clear from the foregoing comments, the proposed
method involves an analysis of the pattern of "co-variant”™ character
state transformations across a given cladogram. Anyone familiar with
quantitative phylogenetic methods such as Parsimony and Compatibility
Analyses will be aware that the pattern of character transformations
on a cladogram is dependent on three things, viz. (1) the character
state arrays of the taxa involved, (2) the precise branching sequence
of the taxa on the cladogram, and (3) the model of character state
change employed (e.g. Wagner, Dollo). For clarity of initial argument,
the effect of the latter two variables may be nullified by assuming
firstly, that we are concerned with a taxon of known phylogeny, and
secondly, that all characters conform to the Wagner model of non-
preferential direction of change. For the following description of the
method, all characters are assumed to be in binary format (i.e. with
tvo states only: 0 or 1).

Given a prespecified branching sequence for a series of taxa

(henceforth, the "tree"), and a given model of character state change,
it is a straightforward computational exercise to derive from a

character state matrix the expected character state array for each of
the hypothetical, non-terminal nodes, and from this, to determine
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exactly where on the tree each change in character state must have
taken place.

As indicated above, transformations are associated with
segments, rather than with nodes. Under the general theoretical
stringency of "minimum change", each character must be assumed to
change no more than once on any given segment, although it may of
course change on a number of different segments of the tree. The total
number of changes per segment will normally vary across the tree, and
some segments may occasionally entail no change in any character.
Under normal circumstances however, each segment of the tree will bear
one or more transformations.

For any single segment (Si), each character can show one of
three possible transformational states, viz. (1) no change in state;
(2) a change from 0 to 1, and; (3) a change from 1 to 0.

For any two such characters (A and B), there are nine possible

patterns of co-transformational for any single segment, viz:

Character A

0 to 1 n.c. 1 to O

O to 1 1 * 2

Character B
n.c * * b1
1to0 3 * 4

Of the nine possible outcomes, only four involve change in both
characters. Of these, two combinations (numbered 1 and 4) show change
in the same direction (e.g. from 0 to 1, or vice versa), whereas the
other two (combinations 2 and 3) represent changes in "opposite"
directions. Such a distinction would of course have meaning only where
character polarities are specified (i.e. the cladogram is rooted), and
wvhere the root of the tree has am "all 0" (or all 1) character state
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array. For simplicity's sake, however, such a distinction shall not be
maintained and the term "co-transformation" as used henceforth will
refer equally to both kinds of combinations (i.e. to include all of
cells 1 to 4).

The matrix illustrated above represents the possible values of
"co-transformation" for two characters on a single segment (since each

character may change only once per segment, the sum of the matrix can
be no more than 1).

Expansion of the exercise to all characters for a single
segment, and scoring all types of co-transformation as equivalent,
will result in a matrix of the following format:

Characters
1 2 3 4 R k
l
1 0
2 0
Charact-

ers 3 0
4 0
k 0

Once again, since each character may change only once per
segment the matrix total will have a maximum of k(k-1), which would
pertain if all characters change state on that segment, and a minimum

of 0 vhere the segment entails change in only one or no characters.
As before, each cell will score either 1 or 0.
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Computation of an equivalent matrix for each of the segments on
the cladogram (Si-k), followed by a process of simple matrix addition,
results in a cladogram-wide or global matrix.

Because it represents the sum of N segment matrices, each cell
in the global matrix may range in score from 0 to N. A score of N for
any pair of characters would of course pertain only where both
characters change on every segment, an unlikely event in any real
context. Indeed, from knowledge of the level of total character state
change in most published morphological data sets, it would be more
usual for all cells to have values well below the maximum N, and for
many to show no co-transformational change (i.e. to score 0).

Inspection of the global matrix in its raw form may provide
some clues as to the overall level of non-random co-transformation,
and may provide useful clues as to the possible composition of one or
more “character complexes". Significant elements of the pattern,
hovever, may be masked by the presence of substantial inequalities in
the total amount of character state change in different characters. In
particular, the recognition of less than expected amounts of co-
transformation (such as would be expected when change in one character
necessitated a lack of change in another) might be hindered by an
overall low level of co-transformation across most character pairs.
How might this distinction be drawn?

Calculation of an "expected"”, random co-transformation matrix

The solution presented here is hinted at above in the mention
of an "expected" level of co-transformation. In statistical terms,
the method involves the production of a "dummy" matrix which is
constructed on the basis that the pattern of character state co-
transformation across the cladogram is the result of random chance,
although with the constraint that the total amount of character state
change for each character serves to constrain the likelihood of co-
occurence between characters. Put simply, characters which change on
many segments of a cladogram possess a high likelihood of randomly co-
occuring with changes in other characters, whereas those which change
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but a few times will showv a corresponding low chance of random co-
transformation.

For a given character A, with a total of Na changes in state
across the entire tree of N segments, the estimated number of
character state changes per segment (Es) is given by

In the case of two characters A and B, the likelihood of their
showing a simultaneous change in state (Ec) on any given segment is
given by

™
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On a global basis, for a tree of N segments, the expected
global likelihood of correlated character state change (Eg) is given
BY - i R Eg = N x Na.Nb/N2

which simplifies to ......... Eg = Na.Nb/N

This calculation, undertaken for each pair of characters,

results in a complete matrix of "expected", randomly based co-
transformation values.

Comparison of expected with observed matrices

A simple way of comparing the two matrices is to perform a
matrix subtraction, such that the new value for each cell is given by
the difference between the "observed" co-transformation value and the

"expected" value based on the hypothesis of random association. These
new values can be thought of as representing the degree to which the
observed level of co-transformation between each pair of characters,
departs from the level of covariance that could be expected from
random patterns of association, and the matrix may thus be termed a
non-random co-transformation (NRC) matrix.
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