Chapter 4: Compatibility Methods

Character construction in Morpholgical Phylogenetics, and
the Affinities of Turtles.

Simon R. Harris PhD Thesis, University of Bristol, UK, 2004.

Full thesis available at http://www.ncl.ac.uk/microbial eukaryotes/simonr_harris.html



Chapter 4: Compatibility Methods

Chapter 4: Compatibility Methods and Their Uses

4.1 Introduction

Virtually all published morphological phylogenies in recent years have been
produced using parsimony analysis. Parsimony is a model of evolution that assumes that
the simplest possible explanation for character evolution in terms of tree steps represents
the best estimate of phylogeny. Such an assumption, although seemingly rational, is not
necessarily true, and therefore may not produce the true phylogeny. Alternative methods,
such as maximum likelihood, based on different hypotheses of evolution are also available,
and are often employed for analysis of molecular data. Attempts have been made to
produce likelihood methods for use with morphological data (Lewis, 2001). Currently such
methods are only rarely implemented, although Bayesian inference (which is based on a
likelihood foundation) is becoming more popular. One alternative to parsimony and
likelihood for investigating both morphological and molecular data is compatibility
analysis.

The aims of this chapter are to briefly review current compatibility methods, their
uses and discuss their limitations. Two new compatibility methods are introduced:

1)  Fuzzy compatibility. This is a method for quantifying how incompatible two
incompatible characters are based on the minimum number of taxa that must be
rescored to make the characters compatible. An algorithm for calculating this
measure is presented.

2)  Boildown bootstrap. This is a method that provides a way of deciding when to halt
a boildown procedure. Two types of boildown bootstrap are introduced.

New ideas concerning potential problems for compatibility analyses due to
polymorphisms, linked characters and inapplicable data within data matrices, and biases

towards unbalanced trees in both compatibility and parsimony are discussed.

4.2 Compatibility

The concept of character compatibility has been integral to the process of
phylogenetic systematics since its inception. Darwin (1859) realised the importance of
character compatibility with statements such as “The importance, for classification, of
trifling characters, mainly depends on their being correlated with several other characters

of more or less importance” (:401-402). The first discussion of a true compatibility method
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for estimating phylogeny was by Wilson (1965), who described the ideal phylogenetic
character as one that “both uniquely defines a set of species and has not been reversed in
evolution, so that all existing species which possess this state can be said to have
descended from one species in the past that evolved the state”. He described a test to
identify “unique and unreversed” characters. In the same year the term “character
compatibility” was first coined by Camin and Sokal (1965) who independently developed
essentially the same concept as Wilson. Both of these methods simply compared the
compatibility of individual characters with a tree topology, a method utilised in parsimony
analyses. In 1969, Le Quesne defined the ‘uniquely derived character’ concept with the
statement “if one is studying the taxonomy of a group, a character that has evolved only in
one direction on a single occasion in its history is more likely to give an unambiguous
indication of its phylogeny”. Le Quesne (1969) discussed pairwise compatibility of
characters, rather than looking at whether single characters can simply be mapped onto a
specified tree without homoplasy. Two characters are pairwise compatible if it is possible
to draw a tree representing a phylogenetic hypothesis upon which both characters can be
mapped without homoplastic changes.

Compatibility methods are useful in attempting to separate phylogenetic signal from
noise in a dataset. It is always hoped that in a data matrix the true phylogenetic signal is
present in at least some of the characters. Other characters will represent, to varying
degrees, nothing more than phylogenetically uninformative noise. Phylogeny
reconstruction methods aim to pluck out the true signal from the noise in order to return the
true phylogeny. Unlike some other methods, compatibility analysis involves no
assumptions about the model of evolution. The only assumption necessary is the most
basic assumption that there is a true tree for the taxa under study and that the ancestor-
descendant relationships among these taxa may be represented as a tree (Estabrook, 1983).
Even this assumption is not always true. Estabrook (1983) identified hybridisation and
gene flow as potential pitfalls. In cases where a true phylogeny can be assumed, however,
compatibility methods use patterns of compatibility and incompatibility in data to attempt
to identify those characters representing the true phylogeny. True characters, as defined by
Estabrook (Estabrook et al., 1975; Estabrook, 1984), cannot conflict, and thus all uniquely
derived characters must be mutually compatible (see Meacham, 1984). Noisy characters
are randomly distributed among taxa, and are likely to be incompatible not only with the
true signal, but also with each other. It is hoped that the true phylogenetic signal will be

represented by a large block of compatible characters, while noisy characters will have a
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generally low compatibility with the rest of the matrix. Large groups of compatible
characters do not necessarily represent the true phylogeny, however. Compatibility can
also be the result of logical dependence between characters, or functional, ecological or
developmental correlation (e.g. see Meacham, 1984). A useful property of compatibility
methods is that they are tree-independent, meaning they are an a priori assessment of the
data rather than a measure of fit to a phylogenetic hypothesis. This means that their results
are partly independent of any parsimony analysis carried out on the same data, so that their
results will not necessarily agree. Although it seems that parsimony is generally quite
successful at identifying phylogenetic patterns in data (e.g. Wiens and Hillis, 1996; but see
Harcourt-Brown, 2002), compatibility, used in conjunction with parsimony can provide
useful supplementary information. If the two methods do agree, support for the hypothesis
they propose may be considered strong. However, if the two methods disagree, one or both
methods must be producing erroneous results, suggesting that the data should be
investigated further and homology assessments reviewed.

Algorithms for identifying incompatibility in raw data (in the form of taxon x
character matrices) have been devised, although some compatibility-based computer
programs are useful only with binary data. This is because identifying incompatibility
between binary characters is simple. Le Quesne (1969; 1972) observed that, given two
binary characters, A and B, each with two character states, 0 and 1, only four combinations
of character states are possible (Ag, Bo; Ao, Bi; A1, Bo and A;, By). If all four of these state
combinations are present in the taxa selected for analysis, then the characters cannot be
mapped onto the same tree without at least some homoplasy. So, at least one (or possibly
both) of the characters is not uniquely derived. It must be stressed, however, that if fewer
than four of the state combinations are present, the two characters are compatible, but
neither is necessarily uniquely derived. Identifying incompatibility between multistate
characters is slightly more complex. Farris (1973) introduced a method by which multistate
characters could be split into a number of binary characters, allowing the application of Le
Quesne’s methods (Estabrook et al., 1976; Le Quesne, 1982). However, the simplest
method for finding incompatibility in multistate characters, devised by both Estabrook and
Landrum (1975) and Fitch (1975) and mathematically proven by McMorris (1975;
Estabrook and McMorris, 1977), involves the creation of a character state by character
state matrix for the two characters in question (see Estabrook, 1983 for a simplified
description). In these matrices, henceforth called state combination matrices, the states of

the two characters in question are plotted on the two axes. Cells in the matrix are marked
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(here with an X)) if the corresponding character state combination is present in at least one
taxon. For example, if one or more taxa possess state 0 for one character (character A) and
state 1 for another (character B) (both characters having three states), then the following

matrix is produced and the cell corresponding to the state combination Ay, B, is marked

with an X.
Character A
- 0|12
S
210
&
s
s | 1] X
5
2

The state combinations of all taxa included in the analysis are inserted into the state
combination matrix in this way. If at least four of the Xs in the matrix can be joined by
horizontal and vertical lines to form the corners of at least one continuous loop (i.e. a path
of horizontal and vertical lines that can be followed between Xs and returns to a cell that
has previously been visited without reversing direction), then the characters are
incompatible. It is not necessary for all Xs to be part of the loop, but all corners of a loop
must coincide with an X. Loops may cross themselves in cells without Xs, but these are
not regarded as corners. The following are two examples of pairs of incompatible

characters with loops present indicated in red.

Character A

01234
a |0 X
S
% 1 X X
=
=2 X
=
© 13 X
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Character A
01|23 |4
m 0 AV %
S
Ela|| | 1%
=
2] % X
®
3 X X
4 X %

Most compatibility measures employ a strict cut-off, so that a pair or group of
characters are simply classified as compatible or incompatible. This limits the power of
current compatibility tests. Estabrook et al. (1975) defined a ‘true cladistic character’ as a
divergent character that is a partial estimate of cladistic history and should meet the
following three criteria:

1) A character state should contain its own most recent common ancestor.

2) If one taxon is the ancestor of a second, then the state of which the first is a member
must be equal, or should be ancestral in the character state tree (a ‘tree’ showing the
proposed ordering of character states), to the state of which the second is a member.

3) If one character state is ancestral to another in the character state tree, then the most
recent common ancestor for the one state should be ancestral to the most recent
common ancestor of the other.

As reiterated by Meacham (1984), ‘true cladistic characters’, as defined by Estabrook
et al. (1975), cannot conflict with one another, and therefore all true cladistic characters
must be mutually compatible. This logic cannot be faulted, but it might be taken to suggest
that any characters that conflict with the true signal are not useful in phylogenetic
reconstruction. On the contrary, many such are useful indicators of phylogeny. It appears
that it is not uncommon for homoplasy (in the form of convergences and/or reversals) to
occur in characters that provide phylogenetically useful (and important) information. Such
characters, although providing some misleading evidence, are still desirable, because they
may provide evidence of relationships that are not identified by other characters.
Parsimony analyses aim to use evidence supplied by additional characters to reject
homoplastic relationships, so that any useful information in a character is still utilised (e.g.
see Farris et al., 1996; Kéllerajo et al., 1999). Most methods of compatibility analysis,

however, will show such characters as incompatible with many ‘true cladistic characters’
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because of their homoplastic change(s). The hope in such analyses is that if a character
possesses few homoplasies, it will still be compatible with many other characters,
including some ‘true cladistic characters’, whereas characters that are no more than noise
are unlikely to be compatible with any other characters. However, in practice it is possible
that many characters that contain useful phylogenetic information will be classified as
‘poor’ and will not be distinguished from noise.

In order to attempt to further separate noise from homoplastic characters that contain
phylogenetically useful information, it may be useful to quantify how incompatible two
incompatible characters are. One possible measure is fuzzy compatibility, described for the

first time here.

4.2.1 Fuzzy compatibility

Fuzzy compatibility attempts to quantify the level of incompatibility between two or
more characters. It is a measure of the minimum number of taxa that must be rescored in
order to make the characters compatible (or the minimum number of taxa that must have
been misscored in creating the original data matrix). Guise, Peacock and Gleaves (1982)
described a method based on a similar idea that they called “labelling”. Their method
identified incompatible pairwise binary character comparisons in which only one taxon
possessed one of the four possible state combinations. They suspected that the primary
homology assessment of one of the characters for that taxon was wrong. All such
potentially homoplastic scorings were recorded and at the end of the analysis the particular
score most likely to be homoplastic could be identified. Fuzzy compatibility differs from
this method in that it calculates the minimum number of taxa that must be rescored to make
all incompatible character pairs compatible, not just those in which a single taxon must be
rescored. A similar method, called the minflip algorithm (Chen et al., 2003), was devised
for supertree construction. Minflip uses heuristic algorithms to flip states in order to find
the smallest number of states in the matrix that must be changed in order to make the entire
matrix compatible.

In the case of two binary characters, calculating fuzzy compatibility is simple. As
stated above, binary characters can only be incompatible if at least one taxon possesses
each of the four possible character state combinations for the two characters. Therefore, if
the two characters are incompatible, the minimum number of taxa that must be rescored to
make the characters compatible is equal to the number of taxa scored as possessing the

least common character state combination.
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With multistate characters, finding the smallest number of taxa that must be rescored
to make the characters compatible is more complicated. Again, the simplest method
involves the use of a character state combination matrix as described above. However, in
this case, instead of simply marking any state combinations possessed by at least one taxon
with an X in the matrix, the number of taxa possessing each state combination is inserted
into the cell. For example, consider the following two characters, each of which exhibits

four states:

Char A | Char B
Taxon 1 0 0
Taxon 2 0 0
Taxon 3 0 0
Taxon 4 0 0
Taxon 5 0 1
Taxon 6 1 1
Taxon 7 1 1
Taxon 8 1 2
Taxon 9 2 2
Taxon 10 2 2
Taxon 11 2 3
Taxon 12 3 3
Taxon 13 3 1
Taxon 14 3 3

This combination of character states gives rise to the following state combination matrix:

Character A
0|12 |3
f04000
3
11|26
S
£
020 2 |
31010 2

In this example, cells containing non-zero values form the corners of a single
continuous loop, indicating that the characters are incompatible. Two cells, Ao, By and Ay,
B, are not integral parts of any loop, and therefore are not the cause of the incompatibility
in the data. The taxa possessing these state combinations can be disregarded when

identifying the minimum number of taxa that need to be rescored to make the characters
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compatible. For the characters to be made compatible, the loop must be broken. It is a rule
that any single loop will be broken by removing any one of its corners. Which corner
is removed is not important. Therefore, the minimum number of taxa that must be
recoded to make two characters compatible is equal to the smallest number of taxa
present in a cell at the corner of the loop. In the above example, there are three equally
minimal ways to make the characters compatible. State combinations A, By; A,, B3 and
As, By are all corners of the loop, and are all present in only one taxon. By referring back
to the data matrix, it can be shown that taxon 8 (A;, B,), taxon 11 (A, B3) or taxon 13 (A3,
B)) can be rescored to make the two characters compatible. Therefore, the minimum
incompatibility value for these two characters is one.

It is possible for multistate characters to produce state combination matrices that

contain more than one loop. For example:

Character 1
01213
Tlol3t1|o]o
2
§12 0
<
S1210 2| (
31010 2

In this example, there are two loops that must be broken to make the characters
compatible, shown in red and green. In order to break two loops, the smallest number of
corners that must be removed is two. Methodologically, this can be achieved by first
removing the corner of either loop that corresponds to the lowest number of taxa (i.e. in
this example, one taxon must be rescored, either at position A;, Bo; Aj, Bi; A, Ba; Az, Bs
or As, B;). When one corner is removed, the loop in which it was a corner is broken, and
the remaining corners of that loop can be disregarded, provided they are not also corners of
further loops. In the above example, if the taxon possessing state combination A, By is
rescored, the taxa at Ao, By and Ay, B; can be disregarded. The taxon at A;, B;, however,

still forms the corner of the second loop, and therefore cannot be disregarded.
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Character 1
0|12 |3
~
= 0]3]-101]0
3
8112 6
£
U 2 0 4 (
31010 2

Removal of any corner when two loops are present will always leave a single loop,
no matter which corner is chosen. It is impossible to break two loops by removing only
one corner. In the above example, position A;, B; is a corner of both loops. It therefore
may seem that recoding the taxa possessing this state would break both loops
simultaneously. However, as shown below, removing this ‘corner’ simply creates a single

loop that crosses itself at the position vacated by the recoded taxon.

Character 1
01213
~
= 0 00
g 11]2 8
£
O 2 0 ps
31010 2

Once the first loop is broken, the process can be repeated to break the second loop.
Again, the minimum number of taxa that must be rescored to break this loop is one (at
position Aj, By; Ay, By; Az, B3 or Az, By). Therefore, the minimum number of taxa that
must be rescored to make these characters compatible is two, one to break each of the two
loops. This process can be repeated to break any number of loops. one corner must be
recoded for each loop present in a state combination matrix in order to make the two

characters compatible.

4.2.2 Uses of Compatibility

Simply measuring the number of pairwise incompatibilities for each character in a
dataset is generally not considered sufficient for most purposes. Often, incompatibility
values are used to identify the relative ‘strength’ of characters in a dataset. This

necessitates comparisons of incompatibility values between characters. Simply counting
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the number of pairwise incompatibilities for a character in a dataset has been recognized as
being problematic for such comparisons (Le Quesne, 1969; 1972). Some characters are
more likely than others to be compatible by chance alone, so that they may misleadingly
appear ‘stronger’ than those other characters when in truth they are not. It is possible to
calculate the probability of two binary characters with no missing data being incompatible
by chance alone using the following formula derived from that published by LeQuesne

(1972; see also Meacham, 1984).

Pl no!x(n; -n,)! n!x(n; -n,)!

ng!x(ny-n.) n;!x(n, -n)’
where 0 and 1 are the two states of the two binary characters, A and B; n is the state
assigned to the smallest number of taxa (i.e. the smallest number of Os or 1s in character A
or B); ng and n; are the number of states 0 and 1 in the character not including ng; and nr is
the total number of taxa.
For example, consider two binary characters scored for ten taxa with no missing data.
If both characters have eight taxa scored as state 0 and two taxa scored as state 1, then the
probability of their being incompatible by chance alone can be calculated using these
values with the formula: ng=2; ny =8; n; =2 and nt = 10.
_ 21x(10-2)!  8!x(10-2)!
101x(2-2)!  10!x(8 -2)!

80640 1625702400

3628800 2612736000
1 28 16

P=l-—-22_-"2_03555.
45 45 45

Similarly, if one character has five Os and five 1s and the other eight Os and two s,

then the probability of these two characters being incompatible by chance alone is 0.5555,
and if both characters have five Os and five 1s, the probability of their being incompatible
by chance alone is 0.9921. This shows clearly that the characters most likely to be
incompatible by chance alone are those with more equal numbers of the two states, and
that those with only two taxa possessing one of the states are the least likely to be
incompatible by chance alone. This may cause problems when comparing compatibility
scores between characters, because characters with an unequal number of each state are
more likely to be compatible with other characters by chance alone. Therefore, random,
noisy, phylogenetically uninformative characters with unequal numbers of each state are

more likely to be wrongly considered ‘strong’ characters. A number of methods have been
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devised in an attempt to counteract this problem. Some of these methods are discussed

below.

4.2.2.1 The Coefficient of Character State Randomness (CCSR)

The CCSR (Le Quesne, 1969; 1972; 1982) is a measure that attempts to correct the
relative ‘strength’ of characters by taking into account the probability of such a character
being compatible by chance alone. The CCSR is simply a ratio of the observed number of
pairwise incompatibilities of a character with the rest of a matrix divided by the number of
pairwise incompatibilities expected by chance alone for a randomly permuted version of
that character. For binary characters it is relatively simple to calculate the expected value
mathematically (see above). However, for more complex, multistate characters the exact
expected number of incompatibilities is more difficult to calculate, and is therefore often
approximated using the average number of incompatibilities of a large number of random
permutations of the character. The character must be permuted as opposed to randomised
so that the numbers of individual character states in the original character are preserved. In
cases where some taxa cannot be scored for a character, it is recommended (Wilkinson,
1995) that missing data should be held constant during permutation to reduce the number
of variables in the permutation test. The CCSR is calculated for each character in the data
matrix, and a character-by-character matrix can be constructed containing the pairwise
CCSR values (Le Quesne, 1969). The total CCSR value for each character can then be
calculated by simply summing the values for all pairwise character comparisons containing
that character. CCSR analyses can be carried out using either the normal or fuzzy

compatibility methods of measuring pairwise incompatibilities between characters.
4.2.2.2 The Normal Deviate (NDev)

The NDev (Le Quesne, 1972; 1982) is similar to the CCSR, but has the advantage of
showing whether the difference between the observed and expected number of
incompatibilities for a character is statistically significant. It is a measure of where the
observed number of incompatibilities falls in terms of the number of standard deviations
away from the mean of the distribution of expected values. If the value is positive, then the
observed number is lower than that expected by chance, and vice versa. The NDev for

binary characters can be calculated using the following formula:
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NDey_ B~ -0
Ps(nv _Ps)
nv

where Pj is the sum of all values of P (the probability of two characters being incompatible
by chance alone) for comparisons of the character with all other characters; ny is the
number of valid comparisons (i.e. comparisons with characters that are not
phylogenetically uninformative); and N is the observed number of character pairings in
which all four character state combinations are found. The sign of the last term in the
numerator becomes ‘+’ if Py <Ny (Le Quesne, 1989). This is a modification (Yates’
correction) of the formula presented by Le Quesne (1972), which corrects for problems

associated with analysing small datasets.
4.2.2.3 Le Quesne Probability (LOP)

The LQP measure was devised independently by both Wilkinson (1992; 1995;
1997a) and Meacham (1994), who called it the Frequency of Compatibility Attainment.
Here the name LQP is employed because it was proposed first. LQP is a simple
randomisation method for testing the null hypothesis that a character is no more
compatible with other characters in a data matrix than is a random, phylogenetically
uninformative character. The method involves first calculating the number of pairwise
incompatibilities in the dataset for each character in its original form, and then doing the
same for a number (usually 99 or 999) of random permutations of that character. The LQP
is the probability of a randomly permuted character having an equal or lower number of
total incompatibilities (the sum of all its pairwise incompatibilities) than the original
character. It is calculated by simply counting the number of random permutations of a
character that have the same or fewer incompatibilities with the dataset than the original
character. This value is then divided by the total number of replicates (number of
permutations + 1) to find a p-value between 0 and 1 with which to test the null hypothesis.
Characters that are highly compatible with the matrix will have an LQP value close to 0,
whereas characters representing random noise should have an LQP value closer to 0.5. The
LQP is advantageous over other compatibility measures, such as the CCSR, because, like
the normal deviate, it gives a measure of the level at which a character is significantly
better (or worse) than random noise. It is especially useful because it sets up a significance
test for which the significance level can be defined by the user. As with most

randomisation tests, the cut-off between significance and lack of significance is usually
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taken at the 5% level. The LQP test is a one-tailed test, because its aim is to find characters
better than random, not just different from random. This means that any LQP values below

0.05 indicate that a character is significantly more compatible than random at the 5% level.
4.2.2.4 Clique Analysis

A collection of mutually compatible characters that is not a subset of a larger
collection is termed a clique (Estabrook et al., 1976; 1977) from the equivalent graph
theory concept. Estabrook et al. (1976) provided proof that any collection of pairwise
compatible, ordered binary characters are mutually compatible. However, this concept
does not hold for unordered multistate characters (Fitch, 1975; 1977) or characters that
include missing entries (Wilkinson, 1994b) or uncertainties. Wilkinson (1994a) specified
the definition of clique analysis as “the discovery of cliques” in order to distinguish it from
other compatibility methods, with which the term had often previously been synonymized.
The original hypothesis behind clique analysis is that because all ‘true’ characters must
belong to the same collection of mutually compatible characters, then the largest such
collection contains them (Estabrook et al., 1977). In other words, the largest clique is
assumed to contain the ‘true’ characters. Estabrook et al. (1977) proposed simply
identifying the largest clique and using the tree that it supports as the best hypothesis of
phylogeny. Unfortunately, as noted by Wilkinson (1994a), largest cliques are often too
small and the characters they contain too similar to resolve large sections of the tree (see
also Felsenstein, 1982). They can also produce phylogenetic hypotheses that are
inconsistent with the results of maximum parsimony methods (Wilkinson, 1994a).
However, Wilkinson (1994b) showed that clique analysis and parsimony analysis are
equivalent when a dataset does not include any characters with a maximum length greater
than two, a situation which can be attained by use of the three-taxon statement method of
character representation (Nelson and Platnick, 1991). A number of attempts have been
made to devise methods using clique analysis as a starting point to find maximally
parsimonious trees for a dataset without the need for conventional, time-consuming
parsimony analysis (e.g. Penny, 1982; Lorenzen, 1993). Unfortunately, most of these
methods appear to be impractical when large numbers of characters are present in the data,

where conventional parsimony analyses are far more efficient (Wilkinson, 1994a).
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4.2.2.5 Boildown
Le Quesne (1969; 1972) introduced a number of methods by which noisy characters
can be eliminated from a data matrix in an attempt to increase signal. These methods

included:

Eliminating the character or characters with the highest incompatibility count.

*  Assuming that the character with the lowest incompatibility count, lowest CCSR or
highest positive NDev value is uniquely derived and eliminating characters
incompatible with that character.

*  Assuming the largest group of completely correlated characters (the largest clique) is
uniquely derived and eliminating characters incompatible with it.

*  Eliminating all characters with an NDev value below +2 or +3.

Whichever method is employed, once the ‘worst’ character(s) are identified and
eliminated, the procedure can be repeated until all incompatibility has been removed from
the data (Le Quesne, 1969; 1972). Gauld and Underwood (1986) first introduced the term
‘boil down’ for an analogous procedure that they used to identify groups of mutually
compatible characters. They calculated CCSR values (which they alternatively called
randomness ratios), deleted the character with the worst value (highest CCSR) and then
recalculated. This procedure is repeated until no incompatibility remains. All characters
left in the dataset are pairwise compatible, and, if all are binary and contain no missing
data, mutually compatible, although not necessarily an entire clique. These methods are
effectively tree-independent methods of extreme character weighting, in which characters
deemed the ‘worst’ during each repetition are assigned a weight of zero. Many
compatibility measures can be used to select the characters for removal at each stage of a
boildown procedure, including the CCSR, NDev and LQP. Fuzzy compatibility can also be
used in a boildown procedure.

As previously intimated, a boildown procedure is usually halted when no
incompatibility remains in the matrix. However, the remaining clique may not be sufficient
to resolve the phylogeny of the taxa under study (Felsenstein, 1982; Gauld and
Underwood, 1986). Gauld and Underwood (1986) suggested ranking characters not in the

maximum clique based on their compatibility with it, and using these to resolve the rest of
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the tree. As an alternative to using methods for adding characters to a maximum clique to
improve resolution (see also Penny, 1982; Lorenzen, 1993), it may be preferable to halt the
boildown before all incompatibility is removed, in orderto preserve signal that may be
present in characters that show low incompatibility with the matrix. This is effectively an
attempt to remove noise without removing too much useful phylogenetic signal. One
possible way of doing this is by using the LQP as the measure of character strength for the
boildown. The boildown procedure can then be stopped when all characters remaining in
the matrix are significantly more compatible with each other than is a random permutation
of that character (that is, when the null hypothesis for the LQP test can be rejected for all
characters remaining in the matrix).

Alternatively, the effects of every step of the boildown process can be monitored to
study how character elimination affects the tree produced by analysis of the data.
Assuming that the true phylogeny of the taxa is represented by a large number of relatively
compatible characters and that noisy characters are relatively incompatible, the signals
provided by noisy characters should be in conflict and should not produce a combined
signal strong enough to overpower the true tree. If this is true, by removing incompatible,
noisy characters using the boildown, the resulting phylogeny should not change
significantly other than possibly to lose resolution in areas of the tree in which initial
resolution was provided solely by poor characters. If, however, there is a large amount of
change in the topology through the boildown process, this suggests that the characters
being removed by the boildown are playing a major role in the topology of the tree
produced by parsimony analysis of the complete data. This could be due to the presence
two or more competing signals in the data, possible caused by convergences due to
functional similarities between unrelated taxa. In such cases the original data might be re-
examined and hypotheses of homology checked.

Other methods similar to the boildown, by which characters are reweighted based on
compatibility values such as the CCSR, have been presented by Penny and Hendy (1985;
1986) and Sharkey (1989). Sharkey (1994) proposed an improved method of character
reweighting based on what he termed discriminate compatibility, and described a reduction
routine similar to the boildown, which could be used to build trees. His discriminate
compatibility method relied on a new procedure for determining the polarity of characters.
However, as noted by Wilkinson (1997b), this method is feasible only with a dataset
containing a small number of characters. When used to polarise binary characters there are

2" possible polarisations to consider, where n is the number of characters. Therefore, with a
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moderately sized matrix of just 100 characters, 2'® (= more than 10°°) alternative
polarisations must be examined, rendering the process impractical even for powerful

computers (Wilkinson, 1997b).
4.2.2.6 Boildown Bootstrap

Bootstrap analyses (Felsenstein, 1985) are widely used to investigate the strength of
support for clades in a resulting phylogeny. Felsenstein’s (1985) bootstrap involves
producing a number of datasets of identical proportions (the same number of characters
and taxa) to the original data using a resampling with replacement strategy, in which
characters to be included in the bootstrap replicate dataset are selected randomly from the
original data. When a character is added to the new dataset it is not excluded from being
selected again, so that some characters in the original data can be in the bootstrap replicate
dataset more than once, and others not at all. Each bootstrap replicate is then analysed
using parsimony, and the MPTs of each replicate are saved. A majority-rule consensus tree
is then produced from the MPTs of the replicates, in which the majority-rule values on
each node of the tree represent the bootstrap support for that clade.

Here, the same methodology is, for the first time, applied to the boildown procedure
in an attempt to answer the unanswered question of when to halt a boildown procedure.
This method, which measures the support for clades present in the trees produced at each
stage of the process, is named the boildown bootstrap. Two alternative types of boildown
bootstrap can be performed.

The first type, called type 1 boildown bootstrap simply involves carrying out
bootstrap analyses on the reduced datasets produced at each stage of a boildown procedure.
The bootstrap trees produced should include the best-supported compatible groups (in
terms of compatibility with the 50% majority rule bootstrap tree) present in less than 50%
of the saved trees. This produces one bootstrap tree for each boildown step.

The type 2 boildown bootstrap, is more complex, more labour intensive and far more
time consuming. First, a number of bootstrap replicate data matrices of the entire data
matrix to be analysed are produced using resampling with replacement. A boildown is then
carried out on each of these datasets. After each character removal during these boildowns
a parsimony analysis is carried out on the reduced dataset and the resulting MPTs saved.
Therefore, at the end of all boildown analyses a set of MPTs for each replicate has been
saved for each character removal step. For example, in the first boildown, when one

character is removed, the MPTs of the analysis of this reduced dataset are saved to a
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treefile. In subsequent boildowns, the MPTs of analyses carried out after one character has
been removed are appended to this treefile. Each set of MPTs in the tree file is then
assigned a weight inverse to the number of trees that it contains. This ensures that there is
not a bias towards sets of MPTs containing more trees when a consensus of all sets is
taken. For example, each tree in a set of 20 MPTs is assigned a weight of 1/20, while trees
in a set of five MPTs are assigned a weight of 1/5 each. Finally, a majority-rule consensus
tree with compatible resolutions under 50% included is calculated for each of the treefiles,
so that there is one majority-rule tree for every character removal stage of the boildown.
These majority-rule trees are equivalent to bootstrap trees, with the majority-rule values on
nodes equivalent to bootstrap values.

Whichever type of boildown bootstrap is used, the point during the boildown at
which the tree produced by parsimony is best supported can be assessed. By summing the
majority-rule values of all nodes on each bootstrap tree (= majority-rule consensus tree for
type 2 boildown bootstraps), a measure of the strength of support for that tree is obtained.
This is essentially a measure of the total bootstrap value for the tree. If the bootstrap tree
with the highest total bootstrap value is not produced by analysis of the complete data, it
can be suggested that up to this point in the process the boildown method has removed

noise from the data without sacrificing signal.

4.3 Potential Problems with Compatibility Methods

4.3 1 Uncertainty and Polymorphism Within Leaves

All current compatibility methods suffer from an inability to cope with leaves
containing uncertainty (leaves for which the state present for a character is uncertain
between two or more possibilities) or polymorphism (or leaves in which taxa are present
containing two or more states of a character). These two types of intra-leaf variation cause
problems in compatibility analysis for two reasons.

The problem regarding the treatment of uncertainty lies solely in the efficiency of
any compatibility analysis program. In theory it is possible to run a compatibility analysis
in which taxa coded as uncertain for two or more states can be included in all possible
configurations to see which is most compatible and which most incompatible. From this, a
range of compatibilities for each character can be recorded. With only a few uncertain taxa
this is not a problem, but when a larger number of taxa are coded as uncertain for a number

of characters, the number of permutations of possible character states that must be analysed
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increases exponentially. This causes problems for the efficiency of the analysis, leading to
extremely long calculation times for even relatively small datasets. Currently no
compatibility programs treat uncertainties in this way. Instead, as an approximation, they
generally replace taxa coded with uncertainties with missing data (?), which is equivalent
to uncertainty between all states. Although this situation is not perfect, treating uncertainty
as missing data should, in most cases, lead to analytical results very similar to those that
would be found if uncertainties could be treated individually.

A more difficult problem to solve is that of intra-leaf polymorphisms. These
represent instances where the taxa included as a leaf in an analysis possess more than one
of the states of a character. This is a major headache in compatibility analysis, because it is
possible that a single character containing polymorphic leaves can essentially be
incompatible with itself, and therefore in any pairwise compatibility test would seem
incompatible with every other character. If a leaf is scored as possessing two states of one
character and those states are also both present in one or more other taxa, it is not possible
to draw a tree on which the character can be mapped without homoplasy. This
phenomenon is here called intra-character incompatibility, and must be the result of errors
in homology assessment, errors in the determination of the constituent taxa of leaves or of
true homoplasy in the character. There are two ways in which polymorphism within a leaf
can occur. The first is a situation where two or more states of a character are identified
within a single individual. Such characters fail Patterson’s (1982) conjunction criterion of
homology assessment and should not be included in analyses (see chapter 1). The second is
a situation where a leaf is made up of more than one taxon, and these groups vary in their
scoring for an individual character. By creating a leaf that contains more than one taxon,
authors are effectively proposing a hypothesis of relationships that they think is strong
enough to assume without further testing. This is necessary when analysing relationships
of basal groups, because otherwise an analysis would become too large for current methods
to compute. For example, in order to evaluate the relationships within the amniotes it is not
feasible to include every known amniote in a phylogenetic analysis. Decisions must be
made a priori about which taxa to include as individual leaves and which to group together.
Such decisions are based on knowledge gained from previous analyses, so that well-
justified clades containing many taxa may be used in more inclusive analyses. In such
circumstances, authors are faced with a choice of how to code these multi-taxa leaves.
They can be coded either on the basis of a groundplan version of the taxa included in the

leaf or using one or more exemplars from the group (see Yeates, 1995). It is only when
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more than one exemplar is used to code these leaves that polymorphisms can result. If taxa
are incorrectly grouped, so that unrelated taxa are forced together into one leaf, then it is
not surprising that homoplasy results. A second possible explanation for intra-character
homoplasy in characters containing polymorphisms is error in homology assessment.
Patterson (1982), in his discussions of primary and secondary homology, described the
conjunction criterion, which must be passed in order for the states of a character to be
considered homologous. This criterion is that two states of one character cannot be present
in a single taxon. By this, Patterson was suggesting that two states of a character cannot be
homologous if a specimen is found possessing both states. Although in the case of
polymorphism the two states are not always possessed by a single specimen, the problems
caused are similar. The possession of more than one state by a leaf (whether that leaf'is a
single specimen or a group of taxa) usually leads to homoplasy in that character, so that
homology of the states cannot be concluded. The only exception to this occurs when at
least all but one of the character states in the polymorphism are unique in that taxon.

At present, in most compatibility analyses, polymorphic taxa are rescored as missing
data. This is not a satisfactory method of coping with the problem, because it discounts
homoplasy within characters containing polymorphisms, and artificially increases their
‘strength’. In extreme cases, where many leaves are polymorphic, a character could contain
large amounts of intra-character homoplasy, yet seem compatible with all other characters
when these polymorphisms are replaced with missing data. Unfortunately, the alternative is
to treat characters containing intra-character homoplasy as incompatible with all other
characters. In the case of fuzzy compatibility analyses, a possible alternative is to replace
polymorphisms with missing data, but increase the fuzzy incompatibility value to
acknowledge the weakness of the character. For example, characters containing intra-
character homoplasy could have 1, or the minimum number of recodings necessary to
make the character compatible with itself added to each of their pairwise fuzzy

incompatibility scores.

4.3.2 Logical linkage and Inapplicable data

Characters that are completely logically linked cannot be incompatible. This can
cause problems in compatibility analyses, because, as in parsimony analyses, the linkage of
these characters effectively increases the weights given to any hypotheses of relationship

they support. In compatibility analyses, any group of completely linked characters will be
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mutually compatible, which may artificially increase their own compatibility values and
decrease those of ‘true’ characters.

In Chapter 2, I discussed the problem in character construction of characters relating
to data that are inapplicable to some taxa under study. With the ‘missing’” method of coding
inapplicable data, which is the method I suggested was preferable for parsimony analyses,
there is usually one character describing the presence or absence of a structure and one or
more characters describing attributes of that structure in taxa that possess it. Taxa that do
not possess the structure are scored as unknown for these characters. These characters
cannot be incompatible with the character describing presence or absence, leading to
problems in compatibility analysis similar to those of logically linked characters.
Therefore, in compatibility analysis it may be better to include inapplicable data characters
using the ‘multistate’ coding method (see chapter 2).

Gauld and Underwood (1986) suggested another possible solution. They dealt with
multistate characters in their data by splitting them into additive binary characters and
labelled each of these additive binary characters so that they would not be compared with
one another in analyses. Such a method could also be applied to inapplicable data.
However, although their method does stop linked characters upweighting each other’s
compatibility values, it does not necessarily correct for the effect a large number of
additive binary characters would have on other characters in the data. If a large block of
linked characters is present in the data, other characters in the data that are compatible with
the original multistate character from which the additive binary characters were produced
will show an artificially high compatibility relative to a character that is incompatible with
the original multistate character. There are, however methods that could potentially negate

this bias, for example, by weighting the results accordingly.

4.3.3 Tree Balance

A recurring problem in many phylogeny reconstruction methods is that of a bias
towards unbalanced tree topologies. It has been shown in empirical (Mooers et al., 1995)
and simulation studies (Huelsenbeck and Kirkpatrick, 1996; Harcourt-Brown, 2002) that
parsimony and other reconstruction methods favour unbalanced trees. Guyer and Slowinski
(1991; 1993) provided an explanation for this bias in parsimony methods using the
“equiprobable model” (that all tree topologies are equally probable). Under this model,
they showed that there are more arrangements of taxa on unbalanced tree topologies,

effectively meaning that there are more possible unbalanced topologies. Huelsenbeck and
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Kirkpatrick (1996) provided a simple example. Consider a tree containing eight taxa. There
are 40,320 (8!) ways that the taxa can be permuted onto (the leaves of) the tree. However,

more of these ways of placing taxa onto the leaves are isomorphic (identical topologies,
: . . n!
but with nodes rotated) on symmetrical trees. In fact, with 8 taxa, there are 20,160 (3,

where 7 is the number of taxa, as long as it is possible to create a completely balanced tree

from that number of taxa) different rooted maximally unbalanced trees, whereas there are

!
only 315 (#) different maximally balanced trees. With so many more possible

unbalanced topologies (64 times as many with 8 taxa), it is highly probable that a tree
chosen at random will be unbalanced. This means that any noisy signal that has an effect
on the resolution of the most parsimonious tree is likely to introduce more imbalance to
that tree.

In recent years, a major emphasis has been placed on attempting to create a tree of
life in which all known taxa can be placed and their affinities known. To do this using
traditional phylogenetic analysis methods is not currently feasible due to the immense
computing time required, so alternative methods have been sought. One solution is to use
supertree methods to combine results of smaller analyses. These methods take the
consensus trees output by analyses (the source trees) and attempt to join them together, as
long as they have at least three (or two plus the root in rooted trees) taxa in common. The
most commonly implemented supertree method is matrix representation using parsimony
(MRP) (Baum, 1992; Ragan, 1992). This, like many other supertree methods, joins trees
together by first representing them as a taxon by ‘pseudocharacter’ matrix representation
(MR) (Farris, 1973). Each node of each source tree is coded as a single ‘pseudocharacter’
where taxa within the clade defined by the node are scored as 1 and those outside as 0. Any
taxa in the matrix that are not present in the source tree are scored as unknown (?) for all
‘pseudocharacters’ based on that tree. MRP then employs parsimony to create one or more
supertree(s) from the data matrix. However, the MRP method has been much criticised
(Purvis, 1995; Wilkinson et al., 2001; Goloboft and Pol, 2002). Among other problems, it
suffers from two major biases that make its results unreliable at best. These biases are: that
it produces output trees more similar to large source trees (those with more taxa) (Purvis,
1995), and to unbalanced source trees (Wilkinson et al., 2001). The bias towards large
source trees is simply due to the larger number of potential nodes that are present in trees

with a larger number of taxa. This leads to more ‘pseudocharacters’ in the MR of large
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trees, and therefore adds weight to the hypotheses supported by large source trees. The bias
towards unbiased trees was illustrated nicely by Wilkinson et al. (in prep). They showed
that, even using the same taxon list in the source trees, if a completely balanced and a
highly incongruent completely unbalanced source tree are submitted to MRP, then the
output supertree is more similar to the unbalanced source tree. The reason for this bias is
not so simple to understand as the bias towards large source trees. Thorley and Wilkinson
(2003) noted that one major problem with the MR method is that the tree-to-supertree
distance that is the basis of the methods objective function does not obey the symmetry
axiom. This means that the distance between each source tree and the supertree produced
from them is not always the same. In Wilkinson et al.’s (in prep) example, if the
pseudocharacters produced by MR of the balanced tree are mapped onto the unbalanced
tree, the fit (in parsimony steps) is not the same as if the characters produced by the
unbalanced tree are mapped onto the balanced tree. Wilkinson et al. (in prep) suggested
that this asymmetric distance measure is responsible for the bias of MRP towards
producing unbalanced supertrees

One artefact of the MR method is that more balanced source trees lead to MRs with a
high ratio of primitive states to derived states, whereas unbalanced trees lead to an equal
number. This is because balanced trees are formed by bifurcating nodes so that each node
contains half the number of taxa contained by the previous node in the tree (the node
further down the tree). Unbalanced trees are formed in a hierarchical way, where each node
simply contains one taxon less than the previous node. For example, take the two source
trees used in the example of Wilkinson et al. (in prep) (Fig 4.1a and b). The matrix

representations of these trees are shown in tables 4.1 and 4.2.
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Figure 4.1. The two incongruent source trees used by Wilkinson et al. to illustrate the problem of a

bias towards unbalanced tree topologies in MRP analysis. A) A completely balanced tree. B) A

completely unbalanced tree.
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Taxon | 1 2 3 4 5 6 7 8 9 10 11 12 13
A 1 1 1 0 0 0 0 0 0 0 0 0 0
B 1 0 0 0 1 1 0 0 0 0 0 0 0
C 1 0 0 0 1 0 1 0 0 0 0 0 0
D 0 0 0 0 0 0 0 1 1 0 0 0 0
E 0 0 0 0 0 0 0 0 0 0 1 1 0
F 1 1 0 1 0 0 0 0 0 0 0 0 0
G 0 0 0 0 0 0 0 0 0 0 1 1 0
H 1 0 0 0 1 0 1 0 0 0 0 0 0
I 0 0 0 0 0 0 0 0 0 0 1 0 1
J 0 0 0 0 0 0 0 0 0 0 1 0 1
K 0 0 0 0 0 0 0 1 0 1 0 0 0
L 1 1 1 0 0 0 0 0 0 0 0 0 0
M 1 0 0 0 1 1 0 0 0 0 0 0 0
N 1 1 0 1 0 0 0 0 0 0 0 0 0
O 0 0 0 0 0 0 0 1 0 1 0 0 0
P 0 0 0 0 0 0 0 1 1 0 0 0 0

Table 4.1. Matrix representation of a maximally balanced tree containing 16 taxa (tree A in Fig. 4.1).

Matrix representation contains 160 (77%) primitive states (0s) and 48 (23%) derived states (1s).
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Table 4.2. Matrix representation of a maximally unbalanced tree containing 16 taxa (tree B in Fig.

4.1). Matrix representation contains 104 (50%) primitive states (0s) and 104 (50%) derived states (1s).
The unbalanced tree (Fig 4.1b) leads to a far more symmetrical MR (Table 4.2).
Even if character polarity is unknown, and we code the most common state as state 0 and
the least common as state 1 for the unbalanced tree, there are still more 1s in the data than
in the MR of the symmetrical tree (Table 4.3). From here on I call this ratio of the less

common state to the more common state in a character the state ratio (SR).
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An SR of one indicates an equal number of each state in a character, and ratios closer
to zero indicate unequal numbers of each state. Characters with a higher SR will also have
a higher maximum number of steps that they can take in parsimony analyses. The average
SR of the MR of the unbalanced tree is 0.43, compared with 0.3 for the balanced tree,
showing that the maximum number of parsimony steps of the MR of the unbalanced tree is
greater than that of the balanced tree. However, since all characters are binary, the
minimum number of steps each MR can take in parsimony analysis is the same (26 each).
Therefore, the difference between the maximum and minimum number of steps is greater
for the MR of the unbalanced tree. Figure 4.2 shows the lengths of the two MRs (Tables
4.1 and 4.2) on 1,000,000 randomly generated trees. It is likely that by chance alone the
balanced MR will have a lower tree length when plotted onto a random tree. This shows
that it is more parsimonious to plot a matrix with a low SR onto a random tree than one

with a high SR.
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Table 4.3. Matrix representation of a maximally unbalanced tree containing 16 taxa (tree B in Fig.
4.1) with the most common state for each character coded as 0 and the least common coded as 1.

Matrix representation contains 146 (70%) Os and 62 (30%) 1s.
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Figure 4.2. Histogram of parsimony lengths of the MRs of the balanced and unbalanced source trees

mapped onto 1,000,000 randomly generated trees

Figure 4.3 shows the total tree lengths of the two MRs (Tables 4.1 and 4.2) on

10,000 randomly generated trees against the difference in length between the lengths of the

unbalanced and balanced MR on that tree. It can be seen that at high tree lengths the

unbalanced MR is much longer than the balanced MR. As the tree length decreases, the

difference in length between the two MRs decreases until, on many of the shortest trees,

the balanced MR is longer than the unbalanced MR despite its maximum possible length

being much greater. This clearly demonstrates that it is more parsimonious to plot the

balanced MR (high SR) onto trees more similar to the unbalanced tree than vice versa.

This suggests that the bias in MRP towards unbalanced supertrees is caused by the higher

SR value of MRs of unbalanced trees.
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Figure 4.3. Scatter plot of total tree lengths of the MRs of the balanced and unbalanced source trees
mapped onto 10,000 random trees. The y-axis represents the difference in length (parsimony steps) of
the MRs of the two source trees when plotted onto the random trees. This value is simply the length of
the unbalanced MR — the length of the balanced MR. Values on the y-axis greater than 0 indicate that
the unbalanced MR is longer than the balanced MR, and vice versa. Points on the plot may represent
many occurrences of the same value. The lengths of the two MRs mapped onto the two source trees
are also marked.

Interestingly, as pointed out by Wilkinson ef al. (in prep), a second type of MRP,
called Purvis MRP (Purvis, 1995), shows the opposite bias, towards balanced trees. Purvis
MRP uses one matrix element to represent each clade splitting its members from the
members of its sister group and the root. Any other leaves in the tree are scored as missing
(?). The Purvis MRs of the two source trees are shown in tables 4.4 and 4.5.

With Purvis MRP, the MR of the balanced tree has an SR of 1, whereas the MR of
the unbalanced tree has an SR of 0.125. Therefore, with Purvis MRP the bias is still
towards the tree with the higher SR, which in this case is the balanced tree.

If unbalanced trees are more likely to be expressed in the results of MRP than
balanced trees when an equal number of characters supporting each hypothesis are present,
it is unclear what happens in a normal parsimony analysis if competing phylogenetic
signals are present. If one signal supports a balanced hypothesis and another supports an
unbalanced hypothesis, even if there are equal numbers of characters supporting each

hypothesis, it is likely that the output tree will be relatively unbalanced. This could explain
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the often reported bias of incorrectly reconstructed phylogenies towards unbalanced

toplologies (e.g. Mooers et al., 1995).

Taxon | 1 2 3 4 5 6 7 8 9 10 11 12 13
A 1 1 1 0 0 ? ? ? ? ? ? ? ?
B 1 0 ? ? 1 1 0 ? ? ? ? ? ?
C 1 0 ? ? 1 0 1 ? ? ? ? ? ?
D 0 ? ? ? ? ? ? 1 1 0 0 ? ?
E 0 ? ? ? ? ? ? 0 ? ? 1 1 0
F 1 1 0 1 0 ? ? ? ? ? ? ? ?
G 0 ? ? ? ? ? ? 0 ? ? 1 1 0
H 1 0 ? ? 1 0 1 ? ? ? ? ? ?
I 0 ? ? ? ? ? ? 0 ? ? 1 0 1
J 0 ? ? ? ? ? ? 0 ? ? 1 0 1
K 0 ? ? ? ? ? ? 1 0 1 0 ? ?
L 1 1 1 0 0 ? ? ? ? ? ? ? ?
M 1 0 ? ? 1 1 0 ? ? ? ? ? ?
N 1 1 0 1 0 ? ? ? ? ? ? ? ?
O 0 ? ? ? ? ? ? 1 0 1 0 ? ?
P 0 ? ? ? ? ? ? 1 1 0 0 ? ?

Table 4.4. Purvis matrix representation of a maximally balanced tree containing 16 taxa (tree A in Fig.

4.1). Matrix representation contains 40 (50%) primitive states (0s) and 40 (50%) derived states (1s).

Taxon | 1 2 3 4 5 6 7 8 9 10 11 12 13
A 1 1 1 1 1 1 1 1 1 1 1 1 1
B 1 1 1 1 1 1 1 1 1 1 1 1 1
C 0 1 1 1 1 1 1 1 1 1 1 1 1
D ? 0 1 1 1 1 1 1 1 1 1 1 1
E ? ? 0 1 1 1 1 1 1 1 1 1 1
F ? ? ? 0 1 1 1 1 1 1 1 1 1
G ? ? ? ? 0 1 1 1 1 1 1 1 1
H ? ? ? ? ? 0 1 1 1 1 1 1 1
I ? ? ? ? ? ? 0 1 1 1 1 1 1
J ? ? ? ? ? ? ? 0 1 1 1 1 1
K ? ? ? ? ? ? ? ? 0 1 1 1 1
L ? ? ? ? ? ? ? ? ? 0 1 1 1
M ? ? ? ? ? ? ? ? ? ? 0 1 1
N ? ? ? ? ? ? ? ? ? ? ? 0 1
O ? ? ? ? ? ? ? ? ? ? ? ? 0
P ? ? ? ? ? ? ? ? ? ? ? ? ?

Table 4.5. Purvis Matrix representation of a maximally unbalanced tree containing 16 taxa (tree B in
Fig. 4.1) with the most common state for each character coded as 0 and the least common coded as 1.

Matrix representation contains 13 (11%) primitive states (0s) and 104 (89%) derived states (1s).
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4.3.3.1 Bias Towards Unbalanced Trees in Compatibility

Like parsimony, many compatibility analysis methods may show a bias towards
unbalanced topologies. The reason is again due to the relatively low SRs of characters
supporting unbalanced trees. However, the reason for the bias is slightly different than in
parsimony. As pointed out by many compatibility workers, binary characters with equal
numbers of Os and 1s (high SR) are more likely to be incompatible by chance alone (e.g.
Le Quesne, 1969; 1972). Thus, if a character with a high SR is randomly permuted it is
more likely to be incompatible with another character than is a character with a low SR.
Therefore, if two characters are compatible, it is much more likely that the compatibility is
attributable to chance alone if the characters have low SR values. This is analogous to a
type I error in statistical tests. In this case, the null hypothesis would be that the two
characters are random, and therefore unlikely to be compatible. If they are compatible, we
can reject the null hypothesis and conclude that the characters are not random, and that
they do contain phylogenetic signal. The type I error is that we have rejected the null
hypothesis when it is true; i.e. when the character is random but by chance alone is
compatible with other characters. To try to correct for this problem, many compatibility
tests use random permutations to calculate the probability of the character being
compatible by chance alone (calculating the type I error rate). They then use this value to
downweight the significance of compatibility between characters that are likely to be
compatible by chance alone. However, such methods have disadvantages. By correcting
for the possibility that compatibility is due to chance alone, characters that are truly
compatible due to phylogenetic signal can be downweighted simply because they have a
high SR. As noted by Gauld and Underwood (1986), it is possible for this method to lead
to characters with the same number of incompatibilities showing very different CCSR
scores, and some characters can even show higher CCSR scores than other characters
which have more incompatibilities with the rest of the matrix. For example, imagine a
dataset that contained fifteen characters, ten of which were mutually compatible, but
incompatible with the remaining five characters, which were themselves incompatible with
all other characters in the data. Simply counting the number of pairwise incompatibilities
of the characters would show that the first ten characters are all incompatible with five
characters, while the last five characters are each incompatible with fourteen characters.
Therefore, each of the ten compatible characters is scored equally by simply counting the

number of character with which they are incompatible. If it is now assumed that one of the
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group of ten characters has an SR of 1 (equal numbers of states 0 and 1) and a second
character in the group of ten has a minimal SR (e.g. just two taxa coded state 1 and all
others as state 0), then problems arise with some compatibility methods. Simply counting
incompatibilities still gives the same result for the two characters: an incompatibility score
of five for each. However, if CCSR, NDev or LQP methods are used, an expected
incompatibility value is needed for each character. The expected compatibility value for
the low SR character will be greater than that of the high SR character. This means that,
when using CCSR, NDev or LQP, it is likely that a low SR character will be considered
less compatible (weaker) than a high SR character simply because of the distribution of
character states it has, when in fact both characters are compatible with an equal number of
other characters in the data. In practice, applying methods such as the boildown to these
compatibility methods can lead to characters with low SRs being downweighted or
removed from the data preferentially. One side-effect of this is that, as previously
mentioned, datasets describing asymmetrical trees generally have higher SRs. Therefore,
given a dataset containing characters supporting two hypotheses, one being a balanced tree
and the other an unbalanced tree, many compatibility methods will favour the unbalanced
tree. Methods that involve simply counting the number of incompatibilities or finding
maximal cliques, are not subject to this bias. Other methods, such as the CCSR, NDev and
LQP, were designed to correct for the chance of compatible characters being compatible
simply by chance. However, our goal in carrying out phylogenetic analyses is to find the
tree representing true phylogenetic signal, and thus the evolutionary history of a group. To
do this we might reasonably assume that the strongest signal in the data will be more likely
to be the correct one. Any noisy characters that are compatible with the true signal will not
change this result, although they may cause incorrect resolution of parts of the tree that is
not resolved by phylogenetically useful data. It seems preferential to me to accept that
some noisy characters are compatible with the true tree, and leave such characters in our
data than to downweight some characters simply because they describe a synapomorphy of
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