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POLYMORPHIC CHARACTERS IN PHYLOGENETIC SYSTEMATICS

JOHN ]. WIENS!

Department of Zoology and Texas Memorial Museum, University of Texas,
Austin, Texas 78712-1064, USA

Abstract—The use of discrete, intraspecifically variable characters in parsimony analysis is re-
viewed. Seven data sets (two from morphology and five from allozymes) were analyzed to (1)
compare different methods for treating polymorphic characters, (2) test for phylogenetic infor-
mation in polymorphic characters, and (3) determine if there is a relationship between homoplasy
and intraspecific variability. The performance of eight methods was compared using five criteria
(number of characters treated as informative, number of shortest trees, phylogenetic signal, num-
ber of nodes supported by bootstrapping, and sensitivity to reduced sample size). Approaches
that incorporate explicit frequency information perform best overall for all the criteria, although
the “majority’”” method ties for best for the bootstrapping criterion. Levels of phylogenetic infor-
mation in the polymorphic characters differed greatly among data sets and methods. Polymorphic
characters in most data sets contained significant phylogenetic structure using most methods, but
only one, the frequency method, extracted significant signal from the polymorphic characters in
all seven data sets. Fixed characters appear to contain more signal than polymorphic characters,
and homoplasy is significantly and positively correlated with intraspecific variability. This study
supports the traditional view that polymorphic characters are less reliable in inferring phylogeny
but does not necessarily support their exclusion. Systematists working with morphological data
often do not report intraspecific variation, the frequencies of different traits, or how polymorphic
characters are screened and analyzed; this situation should change. [Polymorphic characters; char-

acter coding; character selection; character weighting; homoplasy; allozymes; morphology.]

Polymorphism, used herein as discrete
variation within species that is indepen-
dent of ontogenetic and sexual variation, is
a ubiquitous problem in phylogenetic anal-
ysis. If characters evolve, they must vary
within species, at least at some point in
their history. Yet, there is a long tradition
in systematics of excluding characters in
which polymorphism is observed. This
practice is evident from the scarcity of
phylogenetic studies that report intraspe-
cific variation but is difficult to document
explicitly because systematists seldom
mention the characters that are excluded,
rarely give explicit criteria for discarding
nonfixed characters, and justify this exclu-
sion even less frequently. Presumably, the
basis for excluding polymorphic characters
is that they are less reliable in phylogenetic
inference (e.g.,, Darwin, 1859; Simpson,
1961; Farris, 1966; Kluge and Farris, 1969;
Mayr, 1969) and have traditionally been
difficult to deal with analytically (e.g., Wi-

! Present address: Section of Amphibians and Rep-
tiles, Carnegie Museum of Natural History, Pitts-
burgh, Pennsylvania 15213-4080, USA. E-mail:
wiens@clpgh.org.

ley, 1981). Despite the general stigma as-
sociated with polymorphic characters, a
number of methods have been developed
for their treatment (mostly in the context
of analysis of allozyme data), and the rel-
ative merits of these methods have been
debated vigorously (e.g., Farris, 1981;
Mickevich and Mitter, 1981, 1983; Buth,
1984; Swofford and Berlocher, 1987; Croth-
er, 1990; Campbell and Frost, 1993; Mabee
and Humphries, 1993; Murphy, 1993). Few
studies have used analyses of real data sets
to examine the properties of polymorphic
characters and to compare the different
methods for using them (Mickevich and
Mitter, 1981; Campbell and Frost, 1993).
In this paper, I review the problem of
using discrete, intraspecifically variable
characters in parsimony analysis. Specifi-
cally, I address three questions: (1) What is
the best method for phylogenetic analysis
of polymorphic characters? (2) Do poly-
morphic characters contain useful phylo-
genetic information? (3) Is there a relation-
ship between levels of intraspecific
variability and homoplasy in systematic
characters? These questions are addressed
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TABLE 1. Summary of data sets used for evaluation of polymorphic characters in phylogenetic analysis. The
number of characters represents the maximum number that can be considered phylogenetically informative by
any method.
No. No.
Taxon Data type characters  species Reference

Phrynosomatid lizards morphology 115 59 Reeder and Wiens (1996)

Urosaurus (lizards) morphology 24 9 Wiens (1993)

Crotaphytus (lizards) allozymes 24 7 Montanucci et al. (1975)

Hybognathus (fish) allozymes 14 7 Cook et al. (1992)

Rana (frogs) allozymes 24 8 Green (1986) )

Rhagoletis (flies) allozymes 9 6 Swofford and Berlocher (1987)

Sand lizards allozymes 19 9 de Queiroz (1992)

through analyses of seven data sets that
contain large numbers of polymorphic
characters and explicit information on fre-
quericies of polymorphic traits (Table 1).

MATERIALS AND METHODS

Comparing Methods for Analyzing
Polymorphic Characters

Given that there is a variety of proposed
methods for analyzing polymorphic char-
acters, how does one determine which is
best? One way is to compare the results
obtained using the different methods on
the same data set with one or more opti-
mality criteria (e.g., Mickevich and Mitter,
1981; Archie, 1985).

The best performance criterion would be
the frequency with which each method re-
covers the correct phylogeny (i.e., the rel-
ative accuracy of the methods). Although
this criterion cannot be applied to most
real data sets, there are a number of cri-
teria with either an intuitive or a demon-
strated relationship to the accuracy of phy-
logeny reconstruction that can be used to
evaluate different methods. These criteria
are as follows.

1. Number of equally parsimonious trees gen-
erated —Although a single most-parsi-
monious tree can be obtained for even
randomized data sets (Hillis and Huel-
senbeck, 1992), large numbers of short-
est trees can lead to poorly resolved
consensus trees and can make a single
correct phylogeny difficult to find. For
these comparisons, I consider methods
that generate a small number of trees to
be superior to those that generate many.

3.

However, this is a relatively weak: cri-
terion.

. Number of informative characters—Whether

or not a polymorphic character is phy-
logenetically informative can depend on
the coding scheme used. Computer sim-
ulations have shown that the accuracy
of parsimony analysis generally increas-
es rapidly with increasing numbers of
characters, given that the characters are
of similar reliability and the combina-
tion of branch lengths is appropriate for
parsimony analysis (e.g., Wheeler, 1992;
Bull et al., 1993; Huelsenbeck and Hillis,
1993; Hillis et al., 1994). Thus, I consider
methods that are able to extract phylo-
genetic information from a larger num-
ber of characters to be superior.

Phylogenetic signal—The skewness of
the frequency distribution of tree
lengths (the g, index) has been shown
by computer simulations to be a good
overall measure of phylogenetic signal
(internal congruence and decisiveness)
in a data set (Hillis, 1991; Huelsenbeck,
1991). However, the g, index is sensitive
to the number of informative characters
in a data matrix (Huelsenbeck, 1991),
which may differ among methods for
the same data set. To provide a com-
parable index among methods, I used
the difference between the observed g,
and the critical value for random data.
Critical values for randomized data
were generated for each data set for
each method by first making 100 new
data matrices from each original matrix,
with the states of each character ran-
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domly shuffled among taxa. I then cal-
culated the g, index for each random-
ized data set and found the lower 95%
confidence limit for the 100 g, values
(the minimum g; for random data).
(Randomizations were implemented us-
ing a program written by J. Huelsen-
beck, who also suggested the method
for standardizing phylogenetic signal
among data sets.) Because some of the
data sets contained both fixed and poly-
morphic characters, this measure of
phylogenetic signal simultaneously as-
sessed how well the polymorphic char-
acters agree with each other, the con-
gruence of the polymorphic characters
with the fixed characters, and the inter-
nal congruence of the fixed characters.
4. Bootstrapping.—Nonparametric boot-
strapping (Felsenstein, 1985) uses ran-
dom resampling of characters to esti-
mate the support for a given clade.
Studies of simulated and experimental
viral phylogenies have found bootrap-
ping to be a biased but conservative in-
dicator of the accuracy of individual
clades under a wide variety of condi-
tions (Hillis and Bull, 1993). Thus, un-
der conditions appropriate for parsi-
mony analysis, bootstrap values of
=70% indicate that a given clade has a
roughly 95% probability of being cor-
rectly reconstructed (Hillis and Bull,
1993). The number of nodes with boot-
strap values =70% within each data set
was used for comparison of methods.
5. Sensitivity to reduced sample size—To
evaluate the effects of sampling error on
the different methods, a series of sub-
sampling experiments was performed
on the morphological data from the liz-
ard genus Urosaurus (Wiens, 1993). This
data set was the only one for which
both information on conditions in indi-
vidual specimens and large sample
sizes (>50 individuals scored for some
characters for some species) were avail-
able. For each species, five specimens
(or fewer, less than five individuals
were available from the full data set in
a few species for a few characters) were
selected randomly from a list of all in-

dividuals examined, and these speci-
mens were used to make a new matrix
of raw frequencies. This resampling
procedure was repeated to make 20
new matrices of raw frequencies. These
matrices were then coded according to
the eight methods for using polymor-
phic characters. For each method, the
tree(s) based on the subsampled matri-
ces was compared with the tree(s)
based on the complete sample. The con-
gruence of the subsample trees with the
full-sample trees was used as the index
of sensitivity to sampling error; high
similarity between the full and reduced
sample trees indicates robustness to
sampling error, whereas less congru-
ence indicates sensitivity to sampling
error. Similarity between trees was as-
sessed using the consensus fork index
(Colless, 1980): the number of clades in
common between the trees from the full
and reduced samples divided by the to-
tal number of nontrivial clades possible
(the number of taxa minus 2). Presum-
ably, methods that are highly sensitive
to variation in sample size will be less
likely to consistently reconstruct the
true phylogeny.

Recent work with computer simulations
and experimental phylogenies has upheld
the relationship of at least three of these
criteria (number of informative characters,
phylogenetic signal, and bootstrapping) to
accuracy. However, these indices are useful
indicators of accuracy only when condi-
tions are amenable to accurate phylogeny
reconstruction by parsimony (i.e, when
branch lengths are short and relatively
similar; Huelsenbeck and Hillis, 1993).
This study addresses the merit of different
parsimony approaches under conditions
where the basic assumptions of parsimony
analysis presumably are not violated and
does not address the relative sensitivity of
these methods to violations of these as-
sumptions. It seems likely that the data
sets analyzed do not grossly violate these
assumptions because of (1) the presumed
independence of each of the allozyme loci
and morphological characters and (2) the
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TABLE 2. Summary of methods for coding poly-
morphic characters for parsimony analysis, where 0 is
‘the primitive condition, 1 is derived, and 0/1 indicates

polymorphism.

Method Summary

Any-instance 0/lorl=1

Frequency 0/1 = frequency of trait 1

Majority if frequency of 1 =50%, then
0/1 = 1, otherwise 0/1 = 0

Missing 0/1="7?

Polymorphic 0/1=1(0,1)

Scaled 0=0,0/1=1,1=2; ordered 0
— 1 > 2, change from 0 — 2
is two steps

Unordered same as scaled, but unordered
D120

Unscaled same as scaled (ordered), but

change from 0 — 2 is one
step

close relationship of the species in each
data set (mostly congeners; Table 1), mak-
ing the attraction of long branches seem
doubtful.

Values were obtained for each criterion
for each method for each data set, and
methods were ranked for each criterion
within each data set. For each criterion, the
relative rankings of the different methods
were then summed across data sets to de-
termine which method(s) performs best
overall for each criterion. The methods
compared are listed below (terminology
mostly from Campbell and Frost, 1993)
and are summarized briefly in Table 2.

1. Any-instance—A derived condition
present at any frequency is coded the
same (0/1 [polymorphic] or 1 [fixed] =
1 [fixed]), so that species with the de-
rived condition fixed or polymorphic
are treated identically. It is not clear
how multistate characters would be
coded for this method, however (more
than one state in a polymorphic species
could be derived), so it was not applied
to the allozyme data sets. This ap-
proach, referred to as the mutation
model, was recommended by Murphy
(1993). *

2. Missing.—A polymorphic species is
coded as missing or unknown for the
variable character. The polymorphic

species is treated as if any state could
be assigned to the missing cell, making
that cell uninformative in building the
tree (Swofford, 1993). The presence of
the derived condition as a polymor-
phism is not used as evidence to group
the polymorphic species with other spe-
cies sharing the derived trait. This meth-
od was recommended by Pimentel and
Riggins (1987).

.. Polymorphic—A species with two traits

at any frequency is coded as polymor-
phic. In the context of the PAUP pro-
gram (Swofford, 1993) (this option is
unavailable in Hennig86), one of the
states observed will be assigned to the
polymorphic taxon a posteriori, de-
pending on how the taxon is placed on
the tree by other characters. As with the
missing method, the presence of the de-
rived condition as a polymorphism is
not used as evidence to group the poly-
morphic species with other species
sharing the derived trait. In contrast to
the missing method, however, the place-
ment of the polymorphic species is con-
strained by the observed traits because
it is more parsimonious if the placement
of the polymorphic species does not re-
quire transformation to a trait that is not
observed in that species. For characters
with only two conditions (binary in the
usual sense of the term), the missing
and polymorphic methods yield identi-
cal results. In my analyses, a single spe-
ciés in which three traits were observed
was coded as unknown for this method
(because if three states are entered only
two can be used by PAUP). Swofford
(1993) disavowed the polymorphic op-
tion for coding intraspecific variation,
although it was used by Campbell and
Frost (1993) as their “‘baseline’” method.

. Majority—The state present in the ma-

jority of specimens is coded as being
present. For this analysis, I considered
frequencies of the derived condition of
0-49% as absence and frequencies of
50-100% as presence. This method was
used by Johnson et al. (1988, 1989).

. Scaled—For characters with only two

conditions, polymorphic species are
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coded as one state (e.g., 1), and those
fixed with the derived state are coded
with another (e.g., 2). The character is
then ordered from absent to polymor-
phic to fixed (e.g., 0 - 1 — 2). Charac-
ters in which no polymorphism is ob-
served are assumed to have gone
through a polymorphic state, so that
these characters are weighted by 2 rel-
ative to those in which polymorphism
is observed. This method is equivalent
to that of Mabee and Humphries (1993),
which uses step matrices to implement
the weighting scheme on characters
with multiple derived conditions (i.e.,
" allozyme data).

. Unordered.—This method is the same as
the scaled method, except that the char-
acter states are unordered. Thus, no
special connection is implied between
polymorphic and fixed conditions, so
that it is as parsimonious to evolve a de-
rived state independently in a fixed and
polymorphic species as to have the state
go from polymorphism to fixation
(Campbell and Frost, 1993; Mabee and
Humpbhries, 1993).

. Unscaled—This method is almost the
same as the scaled method, except that
characters in which no polymorphic
state is observed are not weighted by 2.
Thus, the appearance of the derived
condition at any frequency (1-100%) is
accorded one step, but the transition
from polymorphism to fixation (if a
polymorphic taxon is observed) is also
considered to be one step (Campbell
and Frost, 1993). This method was pre-
ferred by Campbell and Frost (1993). I
was uncertain as to how to apply this
method to characters in which a species
may have multiple derived traits, so it
was used only on the morphological
data sets.

. Frequency—Frequency methods use the
frequencies of the different traits within
a species. Swofford and Berlocher (1987)
developed an algorithm and corre-
sponding software for direct parsimony
analysis of frequency data (FREQPARS).
However, FREQPARS has a weaktree-
searching routine and is unlikely to find

TABLE 3. Character state designations (from a to

y) for frequencies of the derived trait used for the fre-
quency bins method.

Character state Frequency range (%)

0-3

4-7

8-11
12-15
16-19
20-23
24-27
28-31
32-35
36-39
4043
44-47
48-51
52-55
56-59
60-63
64-67
68-71
72-75
76-79
80-83
84-87
88-91
92-95
96-100

MXg<egTeRraom@oDyg RTINSO QAN OT

the best tree (by its own criteria) for
even small data sets (Swofford and Ber-
locher, 1987).

To approximate the use of FREQ-
PARS, I used two alternative methods.
For the morphological data sets, I used
ranges of frequencies of the derived
condition as character states (e.g., char-
acter state a = frequency of derived
state from 0% to 3%; b = 4-7%, etc.; see
Table 3). These character states were
then ordered, assuming that a derived
feature must go through a polymorphic
stage between absence and fixation. Un-
polarized characters were treated by
simply choosing one of the two condi-
tions to code as if it were derived (leav-
ing the hypothetical ancestor as un-
known). Coding ranges of frequencies
clearly is less precise than using fre-
quencies directly. For example, using
this method, there is no cost in a change
in the frequency of a derived trait from
0% to 3%, but there is a cost to go from
3% to 4%. However, this method none-
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theless incorporates considerable fre-
quency information and allows use of
the powerful tree-searching algorithms
used in more conventional parsimony
analyses. This method was used by
Wiens (1993; but with fewer frequency
“bins”’), and a similar range-coding
method was used for the frequency of
individual alleles at allozyme loci (treat-
ing each allele at a locus as an indepen-
dent character) by Prober et al. (1990).
The frequency bins method was used
for the morphological data set because
for most of these characters there is only
a single derived condition (binary char-
" acters in the usual sense of the term).
For allozyme data sets, each species was
given a unique character state, and
Manhattan distances between species
(based on differences in allele frequen-
cies) were used to weight changes be-
tween the states in a step matrix. This
method will be described in detail and
compared further elsewhere (Hillis,
Chippindale, and Wiens, unpubl.). In
summary, both methods make use of
frequency information but still allow
powerful tree searches.

Parsimony analyses were performed us-
ing PAUP 3.1+6 (Swofford, 1993). For the
morphological data sets, characters not
based on my observations (i.e., myological,
molecular, and behavioral characters),
characters with more than one derived
condition (multistate characters in the usu-
al sense of the term), and characters that
were uninformative under any coding
scheme were excluded. Because the any-in-
stance method requires the use of polar-
ized characters, the unpolarized characters
in the phrynosomatid data set were polar-
ized based largely on optimizing the an-
cestral condition on the combined tree of
Reeder and Wiens (1996), following Camp-
bell and Frost (1993). For the allozyme data
sets, I used only species as terminal taxa
and lumped frequency information pre-
sented for different populations of the
same species because I did not wish to
confound ;my comparisons of methods
with the problem of reconstructing intra-

specific phylogenies. For the analysis of de
Queiroz’s (1992) sand lizard data, I did not
include his hypothetical reconstructed out-
group taxa in my analyses. Otherwise, all
species (both ingroup and outgroup) were
included in the allozyme analyses.

In coding the allozyme data sets, the lo-
cus, rather than the presence or absence of
individual alleles, was treated as the char-
acter because the presence, absence, and
frequency of different alleles at a locus are
not independent of each other (e.g., Buth,
1984).

The two morphological data sets were
chosen because they contained explicit in-
formation on frequencies of traits and be-
cause polymorphic characters were not ex-
cluded solely due to intraspecific variability.
The allozyme data sets were chosen be-
cause of their relatively large sample sizes
per species (generally >10 individuals/
species/locus) and concomitant high pro-
portion of polymorphic characters. I would
not expect the different methods to yield
very different results if many of the char-
acters were not polymorphic. Other allo-
zyme data sets were excluded because they
included too few species to be informative
(less than four) or did not include raw fre-
quency information. (All the data matrices
analyzed are available in annotated elec-
tronic format from the author.)

Phylogenetic Information in Polymorphic
Characters

To test for significant phylogenetic sig-
nal in the polymorphic characters, I com-
pared the observed g, to the critical g, for
randomized data (calculated as described
above) for the polymorphic characters in
the seven data sets. Because polymorphic
characters were analyzed alone, this index
measured only the extent to which the
polymorphic characters are congruent
with each other. Among the seven data
sets, the phrynosomatid lizard data set is
the only one with large numbers of both
fixed (n = 33) and polymorphic (n = 79)
characters; the other data sets have no
fixed characters (Crotaphytus, Hybognathus,
sand lizards), one fixed character (Rhago-
letis, Urosaurus), or two fixed characters
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(Rana). The phrynosomatid data set was
.used to compare the levels of phylogenetic
signal ([observed g,] — [critical g, for ran-
dom data)) in the two classes of characters.

Intraspecific Variability and Homoplasy

To explicitly examine the relationship
between homoplasy and intraspecific vari-
ability, I quantified the levels of homoplasy
and variability for each character in the
Urosaurus and phrynosomatid data sets
and tested the relationship between them
using Spearman’s rank correlation (imple-
mented using Statview™). The measure of
homoplasy used was the homoplasy index
(1 — consistency index) (Swofford 1993)
The consistency index is the minimum
change possible in a character (i.e., number
of steps) divided by the observed change
(Kluge and Farris, 1969). Although the con-
sistency index has been criticized as a com-
parative measure of homoplasy because of
its sensitivity to the number of taxa and
characters in a data set (Archie, 1989), it
was used only to compare levels of ho-
moplasy among characters within a data
set. Changes hypothesized to occur within
polymorphic terminal taxa were not in-
cluded in calculations of tree length and
consistency index when the polymorphic
coding method was used. Because all char-
acters (both fixed and polymorphic) were
included in these analyses, the homoplasy
index measured incongruence both be-
tween and within characters of the two
classes. The allozyme data sets were not
used in these analyses because the scaled
and frequency methods require the use of
step matrices for the allozyme data and it
currently is not possible to calculate the
expected change for step matrix characters.

The homoplasy index for each character
was calculated based on the trees gener-
ated by each of the eight coding methods.
When a method generated multiple equal-
ly parsimonious trees for a data set, the
homoplasy index for each character was
averaged across the trees. Some methods
generated large numbers of shortest trees
(i.e.,, >20,000). In cases where there were
=300 equally parsimonious trees, I ran-
domly sampled 200 of them and then used

these trees to estimate the levels of homo-
plasy in individual characters. A Hyper-
Card® program (written by D. Cannatella)
was used to read consistency indices from
a PAUP output file, average them, and con-
vert them to homoplasy indices.

Although there are a number of mea-
sures to assess the intraspecific variability
of quantitative traits, the best measure for
discrete characters is not obvious. I consid-
ered a species to be the most variable
when the alternative conditions for a char-
acter were present at nearly equal frequen-
cies (e.g., 50%). The index used was the
mean 1ntraspec1f1c varlablhty (MIV), which
for a given character is the sum of the fre-
quencies of the rarer condition in each spe-
cies, multiplied by 200 (to scale the index
to 100), and divided by the number of spe-
cies:

MIV = [% frequency of rarest trait
in each species)(200)]

+ (number of species)

This value provides an index for a char-
acter with two conditions (binary in the
usual sense of the word), which has a score
of 100 when all the species have both traits
at a frequency of 50% and a score of 0
when none of the species are intraspecifi-
cally variable.

To assess sensitivity to sample size, 1
also examined the relationship between
homoplasy and variability using 10 of the
subsampled Urosaurus data matrices (with
maximum sample size of five individuals
per species) with the eight different coding
methods.

REsULTS
Comparison of Methods

The relative performances (the rankings
for the five criteria summed across the
data sets) of six of the methods are shown
in Table 4. The any-instance and unscaled
methods are excluded from these rankings
because they could not be assessed for the
allozyme data. The rankings of all eight
methods based on the morphological data
sets only are shown in Table 5. In general,
there was a great deal of variation among
data sets in the performances of the differ-
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TABLE 4. Relative performance (based on five criteria) of six methods for parsimony analysis of polymorphic
characters summed across the seven morphological and allozyme data sets. Methods are listed in order of best
to worst, with brackets showing ties. Raw scores for all criteria are given in Appendices 1-5.

Sampling error

No. characters No. trees Phylogenetic signal Bootstrapping (Urosaurus only)
frequency frequency frequency l: frequency frequency
scaled scaled polymorphic majority majority
polymorphic polymorphic majority polymorphic scaled
majority majority missing scaled unordered
unordered unordered unordered missing

missing missing scaled unordered

ent methods for the different criteria. How-
ever, the frequency method always ranked
best (or was tied for best) for number of
trees, number of informative characters,
and robustness to reduced sample size and
generally performed well for phylogenetic
signal and proportion of nodes with boot-
strap values =70%. Although the frequen-
cy method is not the best method for every
criterion for every data set, it ranks as best
overall for all the criteria when relative
performance ranks are summed across all
the data sets (but the majority method tied
for best for the bootstrapping criterion).
The raw scores for all criteria, methods,
and data sets are given in Appendices 1-5.

Phylogenetic Information in Polymorphic
Characters

The levels of phylogenetic signal ob-
served in the polymorphic characters in
the seven data sets using the eight meth-
ods are presented in Table 6. These levels
differ greatly among data sets and among
methods, but there is significant phyloge-
netic information in the polymorphic char-
acters in most of the data sets using most
of the methods. However, the frequency
method is the only method that recovered
significant phylogenetic signal from the
polymorphic characters in all the data sets
examined; each of the other methods com-
pletely obscured the phylogenetic infor-
mation in the polymorphic characters in at
least one of the data sefs. These results
suggest that polymorphic characters do
contain significant phylogenetic informa-
tion and that the frequency method is the
best way to extract it.

Comparison of the levels of phylogenetic
signal in the fixed and polymorphic char-
acters in the phrynosomatid lizard data
suggests that fixed characters contain
much more signal (observed g, — critical
random g, = —1.850) than do polymorphic
characters, regardless of how the polymor-
phic characters are coded (range = —0.294
to —0.490; Table 6).

Homoplasy and Intraspecific Variability

For the phrynosomatid data set, there is
a strong positive relationship between ho-
moplasy and intraspecific variability, re-
gardless of the coding method used (Table
7). A sample graph indicating this relation-
ship is shown in Figure 1, with the data
coded using the frequency method.

The Urosaurus data also suggest that
there is a positive relationship between ho-
moplasy and intraspecific variability but
that this relationship is sensitive to the
method used and to sample size (Table 8).
For full sample sizes, the correlation is sig-
nificant (P < 0.01) only when the frequen-
cy and majority methods are used (see Fig.
1), although the correlation is nearly sig-
nificant for the unordered method. This re-
lationship is much stronger when assessed
on the subsampled data matrices for the
any-instance, scaled, unordered, and un-
scaled methods.

DISCUSSION
Do Different Methods Yield Different Trees?
An important consideration when eval-
uating methods is whether different meth-

ods actually make a difference in the to-
pologies obtained. When there is little
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TABLE 5. Relative performance (based on five criteria) of the eight methods for parsimony analysis of
polymorphic characters summed across the two morphological data sets. Methods are listed in order of best
to worst, with brackets showing ties. Raw scores for all criteria are given in Appendices 1-5.

Bootstrapping Sampling error
No. characters No. trees Phylogenetic signal (Urosaurus only) (Urosaurus only)
frequency ] frequency l:frequency ] majority frequency
scaled any-instance missing frequency majority
unscaled scaled polymorphic missing scaled
any-instance] unscaled majority polymorphic unscaled
unordered majority scaled scaled unordered
majority unordered ] unordered unscaled any-iristance
missing missing unscaled any-instance

I: polymorp ;I l: polymorphic:l any-instance [: unordered

polymorphism in a data set, there is no
reason to expect substantial differences in
the trees generated by the different meth-
ods. But when the number of polymorphic
characters is large, the differences can be
striking. As an example, the trees (or con-
sensus trees) produced by the different
methods for the Urosaurus data are shown
in Figure 2. For this data set, there is only
one clade (U. auriculatus + U. clarionensis)
shared among all the trees produced by
the different methods, and many of the
trees are very different from one another
(compare the frequency and any-instance
trees).

Patterns of congruence among the trees
produced by the different methods are
shown in Table 9. This table summarizes
the proportion of data sets in which there
are one or more trees in common among
the sets of trees produced by a given meth-
od. The most obvious patterns are the con-

sistent agreement between the frequency
and majority trees (one or more trees in
common for every data set) and the con-
sistent disagreement between the frequen-
cy and scaled trees (no trees in common
for any data set).

Superiority of the Frequency Method

This study shows that the frequency
method generally performs better than the
other methods for all the criteria examined
(although the majority method performed
as well overall for the bootstrapping cri-
terion). Why is the frequency method su-
perior? The frequency method has two im-
portant advantages: (1) it uses the most
phylogenetic information, and (2) it reduc-
es noise and sampling error by giving
minimal weight to conditions occurring at
low frequencies (Swofford and Berlocher,
1987).

Swofford and Berlocher (1987) provided

TABLE 6. Phylogenetic signal in polymorphic characters. Phylogenetic signal was measured as the observed
& minus the expected critical value for the data set for the method when randomized. Negative values indicate
significant phylogenetic signal; values =0 indicate that the phylogenetic information is indistinguishable from
random data. The any-instance method could not be applied to the allozyme data sets.

Data sets
Phryno- Sand

Method somatidae Urosaurus Crotaphytus ~ Hybognathus Rana Rhagoletis lizards
Any-instance —0.370 +0.028
Frequency —0.413 —0.503 —0.070 —1.165 —0.214 —0.151 —0.579
Majority —0.368 —0.448 —0.208 —1.056 —0.144 +0.157 —0.626
Missing —0.490 —0.391 —0.033 —0.482 —0.264 0.000 —0.455
Polymorphic —0.490 —0.391 —0.101 —0.964 —0.321 0.000 —0.444
Scaled /unscaled? —0.447 —0.100 +0.006 —0.884 —0.257 +0.113 —0.490
Unordered - —0.29%4 +0.055 . —0.114 —0.369 —0.355 0.000 —0.539

2 Results from the scaled and unscaled methods are identical because they differ only in how fixed characters are weighted.
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TABLE 7. The results of Spearman’s rank correla-
tion (p) of homoplasy and mean intraspecific variabil-
ity for the phrynosomatid lizard data using the eight
methods for coding polymorphic characters.

Method p P
Any-instance 0.823 0.0001
Frequency 0.779 0.0001
Majority 0.671 0.0001
Missing /polymorphic? 0.326 0.0006
Scaled 0.799 0.0001
Unordered 0.797 0.0001
Unscaled 0.789 0.0001

2 Missing and polymorphic methods yield identical results
for binary characters.

a convincing argument to explain the
problem of rare conditions. They showed
statistically that conditions occurring at
low frequencies will often be missed, even
when sample sizes are very large. By
chance, these rare traits will be missed in
some species and detected in others but
not necessarily in taxa that are closely re-
lated. Thus, a rare trait is likely to appear
to be a synapomorphy for a group of spe-
cies that are not closely related. Such cases
will be problematic for the any-instance,
scaled, unordered, and unscaled methods,
which give rare and frequent variants
equal weight. Using a frequency method,
these rare polymorphisms are given very
little weight (almost as if they were not de-

Phrynosomatidae
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tected at all), and their potentially mislead-
ing impact is minimized.

The problem of rare conditions can be
demonstrated empirically with the Urosau-
rus subsampling experiments. When sam-
ple sizes are reduced, conditions occurring
at low frequencies are more likely to go
undetected (Swofford and Berlocher, 1987).
When the methods that weight rare and
common variants equally, i.e,, any-in-
stance, scaled, unordered, and unscaled,
are applied to the 20 subsampled matrices
(n = 5/species), we can predict that (1)
trees based on the subsampled matrices
will be very different from the trees based
on the full sample and (2) phylogenetic
signal should increase with the decreased
sample size.

These four methods never retrieved the
tree(s) based on the full sample and con-
sistently recovered trees that differed
greatly from the full-sample trees (Fig. 3).
The different methods seem to converge
somewhat on the frequency tree upon sub-
sampling. The scaled, unscaled, and any-
instance methods yielded trees that were
identical or consistent with the frequency
tree in 3 of 20 replicates, and the unor-
dered method did so in 6 of 20 replicates.
Subsampling effectively downweights the
rare polymorphisms by causing them to go

Urosaurus
0.6- o o ® .
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FIGURE 1. . The relationship between homoplasy and intraspecific variability for the phrynosomatid lizard
and-Urosaurus data sets using the frequency coding method.
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TABLE 8. The results of Spearman’s rank correlation (p) of homoplasy and mean intraspecific variability for
the Urosaurus data using the eight methods for coding polymorphic characters. To assess the sensitivity of this
‘relationship to sample size, the relationship also was examined for 10 subsampled data matrices (n < 5 indi-

viduals/species).

Full sample Subsample
Method p P p P
Any-instance 0.099 0.635 0.529 0.021
Frequency 0.831 0.0001 0.756 0.001
Majority 0.518 0.013 0.487 0.029
Missing/polymorphic —0.166 0.507 0.193 0.469
Scaled 0.145 0.486 0.681 0.002
Unordered 0.472 0.024 0.621 0.006
Unscaled 0.145 0.486 0.571 0.030

@ Missing and polymorphic methods yield identical results for binary characters.

undetected, resulting in trees that are sim-
ilar to the ones in which rare polymor-
phisms are given less weight.

Noise clearly is decreased by the re-
duced sample sizes when the any-instance,
scaled, unordered, and unscaled methods
are used (Fig. 4). Thus, these four methods
seem to have a disturbing tendency to give

worse results as more data are included, as
predicted by Swofford and Berlocher
(1987). Because the frequency method buf-
fers against rare conditions (Swofford and
Berlocher, 1987), there is relatively little
change in topology and phylogenetic sig-
nal when the method is applied to the sub-
sampled matrices (Figs. 3, 4).

graciosus ————————————— graciosus clarionensis
auriculatus auriculatus auriculatus
clarionensis 4|£ clarionensis microscutatus
omatus omatus lahtelai
bicaril bicarinatus nigricaudus
gl:jolv’:'atus _E gadovi graciosus
lahtelai microscutatus gadovi
microscutatus lahtelai omatus
nigricaudus nigricaudus bicarinatus
frequency majority any-instance

lahtelai clarionensis clarionensis
microscutatus auriculatus —_E auriculatus

] nigricaudus lahtelai lahtelai
graciosus microscutatus microscutatus

— clarionensis nigricaudus nigricaudus
L— auriculatus graciosus graciosus
omatus ornatus omatus
gadovi gadovi gadovi
bicarinatus bicarinatus bicarinatus
scaled unordered missing
unscaled polymorphic

FIGURE 2. Trees produced by the eight different methods for parsimony analysis of polymorphic characters
for the Urosaurus data set. The trees shown represent either the single shortest tree (any-instance, frequency)
or the strict consensus tree derived from several equally parsimonious trees.
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TABLE 9. Patterns of congruence among the results
from different methods for analyzing polymorphic
characters, measured as the percentage of data sets in
which there is one or more trees in common among
the sets of trees produced by two methods. Because
of the unmanageable number of trees, results from the
phrynosomatid lizard data set were not used for this
comparison. The any-instance and unscaled methods
could not be applied to the allozyme data sets.

Fre- Un-
quency Majority Missing Scaled ordered
Majority 100
Missing 67 83
Scaled 0 17 33
Unordered 17 50 67 33

Polymorphic =50 67 8 17 50

The majority method also gives little
weight to rare variants (they are effectively
ignored) and generally gives results simi-
lar to those of the frequency method (Table
9). However, this method discards much
potentially useful information about fre-
quencies (e.g., a frequency of 0% is treated

1.0
0.9 -
0.8 -
0.7 A
0.6 -
0.5 -
0.4
0.3
0.2
0.1

Similarity to full-sample tree

any-instance scaled

the same as a frequency of 49%) and so
does not perform as well overall as the fre-
quency method (Table 4). The polymorphic
and missing methods also discard consid-
erable information, although the polymor-
phic method retains more than does the
missing method.

Objections to the Frequency Method

The use of explicit frequency informa-
tion has been a particularly controversial
aspect of the phylogenetic analysis of poly-
morphic data. Swofford and Berlocher
(1987) argued that direct use of frequencies
is the best method for using polymorphic
data because it is the least sensitive to sam-
pling error. Their conclusions are strongly
upheld by empirical data in this study.
Mickevich and Johnson (1976), Farris
(1981), Mickevich and Mitter (1981, 1983),
Crother (1990), Carpenter et al. (1993), Ma-
bee and Humphries (1993), and others
have questioned whether frequencies con-

unordered unscaled frequency majority

Methods

FIGURE 3. Mean similarity between trees from the original Urosaurus data set and trees based on 20 repli-
cated matrices with reduced sample sizes (n =.5) for six methods of coding polymorphic data. The missing
and polymorphic methods are not shown because of the large number of shortest trees produced by the original

matrix (489).
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FIGURE 4. Effect of sample size on levels of phylogenetic signal (measured using the g, index) using different
methods of coding polymorphic characters for the Urosaurus morphological data set. Larger sample sizes de-
crease phylogenetic signal using the any-instance, scaled, unordered, and unscaled methods.

tain phylogenetically useful information at
all, largely because of their variability in
space and time. Empirical studies have
shown that frequencies of certain traits can
vary considerably over space and time
within certain species (e.g., Gaines et al.
[1978] as used by Crother [1990]). Howev-
er, the relevance of these cases to the prob-
lem of reconstructing relationships among
several species using several characters has
simply been assumed. The analyses of
phylogenetic signal in the polymorphic
characters alone using the frequency meth-
od suggest that frequencies do contain sig-
nificant phylogenetic information on inter-
specific relationships (Table 6).

Other objections concern the nature.of
the evidence that frequency data provide.
Authors have rejected the use of frequen-
cies because they are continuous, because
changes in frequency do not represent evo-
litionary ‘novelties, and/or because fre-
quencies purportedly are not heritable nor

are they organismal traits (e.g., Crother,
1990; Campbell and Frost, 1993; Murphy,
1993). The basic disagreement lies in what
can legitimately be considered a character.
Thiele (1993) argued convincingly that a
character state is merely a frequency dis-
tribution of traits for a given sample of a
given taxon.

A potential problem of the frequency
method is that it usually yields a fully re-
solved tree, regardless of the level of sup-
port. Thus, clades might be supported by
only a minor (e.g., 1%) change in frequen-
cies. For example, when the Urosaurus data
are randomized, the frequency method
usually gives only one (¥ = 1.1; n = 100)
most-parsimonious tree for each random-
ized data matrix, although these trees are
clearly not well supported. However, none
of the coding schemes distinguish between
well and poorly supported clades, and
there are many methods available to ad-
dress the stability of specific nodes after an
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initial analysis (e.g., Faith’s T-PTP [1991],
decay index [Donoghue et al., 1992], non-
parametric bootstrapping [Felsenstein,
1985]). The other methods are also likely
to resolve nodes supported by only minor
changes in frequencies (e.g., 0-1%, 99-
100%, 49-50%).

Polymorphism in Asexual Species and
Characters from Nonrecombining Organelles

This discussion has dealt implicitly with
bisexual species. Should polymorphism
within asexual species be treated differ-
ently? If a polymorphism in a unisexual
species can be maintained through a spe-
ciation event, then the presence of a poly-
morphic condition in two unisexual spe-
cies can be evidence that they are closely
related, just as in sexual species. Thus, the
same methods are applicable for treating
polymorphism in sexual and asexual spe-
cies, and the frequency method is most ap-
propriate for both. The same applies for
coding characters from nonrecombining
organelles, such as DNA sequences from
chloroplasts and mitochondria.

Phylogenetic Information in Polymorphic
Characters

The results of this study indicate that
polymorphic characters can contain signif-
icant phylogenetic information. However,
this phylogenetic information can be com-
pletely obscured by many of the methods
for coding polymorphic characters, at least
for some data sets. The frequency method
always extracted significant signal from
the polymorphic characters in all the data
sets, which further supports the use of this
method. These results also confirm the
idea that fixed characters contain more
phylogenetic signal than do polymorphic
characters. '

Campbell and Frost (1993) recently ad-
dressed the issue of phylogenetic infor-
mation content of polymorphic characters
using data on external morphology from
the anguid lizard genus Abronia. They also
concluded that polymorphic characters
contain phylogenetic signal and that they
show more noise than fixed characters, but
their conclusions were based on criteria

different from those used in the present
study. Campbell and Frost (1993) conclud-
ed that polymorphic characters contain
phylogenetic signal because many of the
variable characters were ““coherent to vary-
ing degrees” when optimized onto the tree
based on fixed characters only, although it
is not clear how this criterion could have
been used to show that the polymorphic
characters did not contain phylogenetic
signal. Campbell and Frost (1993) consid-
ered the variable characters to contain
more homoplasy than the fixed characters
because more equally parsimonious trees
were found when polymorphic characters
were included (despite the larger number
of characters), but the general relationship
between number of shortest trees and data
set quality is questionable (Hillis and
Huelsenbeck, 1992). Although I prefer oth-
er criteria, the ones used by Campbell and
Frost (1993) do have intuitive appeal, and
I believe the agreement between our con-
clusions is not a coincidence.

Homoplasy and Intraspecific Variability

The Urosaurus and phrynosomatid data
support the idea that there is a strong, pos-
itive relationship between intraspecific
variability and homoplasy, confirming the
long-standing conventional wisdom that
more intraspecifically variable characters
are inherently less reliable in inferring
phylogeny (e.g., Darwin, 1859; Simpson,
1961; Mayr, 1969). Although the present
study may be the first to specifically ad-
dress the relationship between homoplasy
and intraspecific variability, several studies
have examined the relationship between
variability and evolutionary rate within
and between populations (e.g., Kluge and
Kerfoot, 1973; Sokal, 1976; Baker and
Moeed, 1979; Pierce and Mitton, 1979; Ba-
ker, 1980; Wiens and Rottenberry, 1980).
These studies purportedly found a corre-
lation between levels of variability within
and between populations (often called the
Kluge-Kerfoot phenomenon) but were later
shown (by Rohlf et al., 1983) to be plagued
with statistical artifacts.

Several factors may account for the re-
lationship between homoplasy and intra-



496

SYSTEMATIC BIOLOGY

VOL. 44

specific variability. Many of the polymor-
-phisms in morphology may not track the
phylogeny because they do not have a
strictly genetic basis. These polymor-
phisms could be the result of environmen-
tal or epigenetic effects in ontogeny or
even ambiguities or errors in scoring char-
acters. Although the problem of nonherit-
able variation alone might be taken as a
rationale for excluding polymorphic mor-
phological characters from phylogenetic
analyses (or morphological characters in
general), it is clear that the polymorphic
morphological characters examined do
have significant phylogenetic signal as a
whole (Table 6). The greater homoplasy in
more intraspecifically variable characters
may also be due to sampling error; esti-
mates of the presence, absence, or frequen-
cy of a trait will generally be less accurate
for species that are polymorphic than for
those that are fixed, given finite sampling
of individuals and populations. Thus,
there could appear to be homoplasy in a
polymorphic character even if the actual
distribution of frequencies among species
matched the phylogeny perfectly. Higher
levels of homoplasy in polymorphic char-
acters might also result if the frequencies
of polymorphic traits in ancestral species
are extensively modified when passed on
to their descendant species. For example, if
there were geographic variation in the fre-
quency of a polymorphic allele in an an-
cestral species (and speciation occurred by
geographic subdivision), a derived allele
present in only part of the range of the an-
cestral species would be rare or absent in
one of the daughter species. If this process
occurred repeatedly, the distribution of the
polymorphic allele would show little con-
gruence with the phylogeny. Farris (1966)
suggested that characters that are highly
variable within populations may be more
variable between populations because they
are less constrained by natural selection.
If there is a general relationship between
homoplasy and variability, how could this
information be used to improve phyloge-
netic inference? The most important ques-
tion may be whether polymorphic charac-
ters should be included in phylogenetic

analysis at all. Although they can contain
significant phylogenetic information, they
also can contain more homoplasy than
fixed characters. Campbell and Frost
(1993) argued that polymorphic characters
must be included in phylogenetic analyses
because the tree that excludes them may
not be the shortest tree for all the data (e.g.,
fixed and nonfixed characters). Yet, the
change in tree topology caused by their in-
clusion could make the phylogenetic esti-
mate less similar to the correct phylogeny.
Intuitively, including more characters with
significant phylogenetic information should
improve the accuracy of phylogeny esti-
mation (the probability of inferring the
true phylogeny), whereas adding charac-
ters that are more homoplastic should de-
crease it. These intuitions are supported by
computer simulation studies (e.g., Bull et
al., 1993; Hillis et al., 1994). Computer sim-
ulations (Chippindale and Wiens, 1994)
also have shown that downweighting more
rapidly evolving characters can improve
the accuracy of phylogeny reconstruction
relative to excluding these more homoplas-
tic characters or weighting the rapidly and
slowly evolving characters equally. Weight-
ing characters by the inverse of their intra-
specific variability (as suggested by Farris,
1966) offers a possible approach to im-
proving accuracy with polymorphic char-
acters; phylogenetic information from all
the characters is included, yet the charac-
ters that are expected to be more homo-
plastic are weighted accordingly.
Campbell and Frost (1993) recommend-
ed successive approximations (i.e., re-
weighting characters based on their levels
of homoplasy observed in an initial un-
weighted analysis [Farris, 1969]), coupled
with the unscaled method, as the best way
to increase the information extracted from
polymorphic characters. Given that there is
a relationship between homoplasy and
variability, this approach might yield sim-
ilar benefits (and similar results) to the a
priori weighting scheme suggested above.
However, the relationship between homo-
plasy and variability can be highly sensi-
tive to the method used, and the unscaled
method seems particularly unlikely to re-
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flect this relationship (Table 8). Thus, high
weights may be given to the most variable
characters, and vice versa. Furthermore,
successive approximations itself remains
controversial (e.g., Cannatella and de
Queiroz, 1989; Swofford and Olsen, 1990;
Guyer and Savage, 1992; Campbell and
Frost, 1993).

Given the demonstrated phylogenetic in-
formation in polymorphic characters (Ta-
ble 6), that there is no real distinction be-
tween polymorphic and fixed characters
(because all characters must be polymor-
phic at some point in their evolution), and
that apparent absence of polymorphism in
seemingly fixed characters may only be an
artifact of sampling error (e.g., Campbell
and Frost, 1993), it seems difficult to justify
the exclusion of characters in which poly-
morphism is observed. Yet, the fact that
homplasy may increase with increasing
variability should not be ignored. Devel-
oping and evaluating different ways to in-
corporate this information should be a re-
warding subject for future research.

Traditional Systematics

Many published phylogenetic analyses
from the past 30 years give the impression
that there is no intraspecific variation in
morphology. A typical data matrix con-
tains only rows of 0%, 1’s, and 2’s, and the
character descriptions simply list the dif-
ferent morphological traits. There often is
no mention or discussion of intraspecific
variation. Yet, it is difficult to believe that
there was no intraspecific variation ob-
served in any of the characters examined.
Were characters excluded if found to be in-
traspecifically variable, or was variation
observed within species simply ignored, or
both? In some studies, the authors have in-
cluded polymorphic characters and/or
mentioned characters that were excluded
because of intraspecific variability, but
rarely is there a general discussion of how
polymorphism was coded, a quantitative
assessment of how much yariability there
was in a character, or a discussion of how
much variation was too much for a char-
acter to beiincluded and why. This largely
unwritten policy of “don’t ask, don’t tell”

regarding polymorphism in morphology
is simply unscientific. Instead, morpholo-
gists should follow the example of system-
atists using allozyme data and should re-
port the observed frequencies of the
different traits for all characters that are
adequately characterized, as well as the
method used for coding polymorphism
and the criteria for character selection.
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Raw scores for the number of characters treated as phylogenetically informative by the eight

methods for phylogenetic analysis of polymorphic characters. The any-instance and unscaled methods could

not be applied to the allozyme data sets.

Data sets
Phryno- Sand
Method somatidae Urosaurus ~ Crotaphytus  Hybognathus Rana Rhagoletis lizards

Any-instance 115 20

Frequency 115 24 10 14 24 9 19
Majority 112 17 5 9 17 4 15
Missing 102 9 2 4 9 1 10
Polymorphic 102 9 8 10 20 5 15
Scaled 115 24 9 14 24 8 19
Unordered 114 24 6 7 16 1 14
Unscaled 115 24

APPENDIX 2. Raw scores for the number of equally parsimonious trees ‘generated by the eight methods for
phylogenetic analysis of polymorphic characters. The any-instance and unscaled methods could not be applied

to the allozyme data sets.

Data sets
Phryno- Sand
Method somatidae Urosaurus ~ Crotaphytus Hybognathus Rana Rhagoletis lizards

Any-instance 130 1

Frequency 3 1 1 1 1 1 1
Majority >20,000 5 10 3 4 6 5
Missing >20,000 489 24 21 3 15 21
Polymorphic >20,000 489 3 5 1 12 1
Scaled 80 4 2 2 1 1 2
Unordered 4,065 6 4 1 9 15 57
Unscaled 256 4
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APPENDIX 3. Raw scores for phylogenetic signal used to compare eight methods for phylogenetic analysis
of polymorphic characters. Phylogenetic signal was measured as the observed g, minus the expected critical
“value for the data set for the method when randomized. Negative values indicate significant phylogenetic signal,
and values of =0 indicate that the phylogenetic information is indistinguishable from random data. The any-
instance and unscaled methods could not be applied to the allozyme data sets.

Data sets
Phryno- Sand
Method somatidae Urosaurus Crotaphytus ~ Hybognathus Rana Rhagoletis lizards
Any-instance —0.720 +0.015
Frequency —0.917 —0.512 —0.070 —1.165 —0.232 +0.165 -—0.579
Majority —0.829 —0.424 —0.208 —1.056 —0.202 +0.330 —0.626
Missing —1.088 —0.391 —0.033 —0.482 —0.289 +0.007 —0.455
Polymorphic —1.088 —0.391 —0.101 —0.964 —0.334 +0.286 —0.444
Scaled —1.030 —0.254 +0.006 —0.884 —0.291 +0.038 —0.490
Unordered —0.787 +0.009 —0.114 —0.369 —0.379 +0.067 —0.539
—0.708 —0.181

Unscaled

APPENDIX 4. Raw scores® for the number of clades supported by bootstrapping (with frequency of the clade
=70% among 100 replicates) for six data sets using eight methods for phylogenetic analysis of polymorphic
characters. Bootstrapping could not be applied to the phrynosomatid data set because of the large number of
taxa. The any-instance and unscaled methods could not be applied to the allozyme data sets.

Data sets
Method Urosaurus Crotaphytus Hybognathus Rana Rhagoletis Sand lizards

Any-instance 0/7

Frequency 2/7 1/5 1/5 0/6 0/4 6/6
Majority 4/7 1/5 3/5 0/6 0/4 3/6
Missing 1/7 0/5 0/5 2/6 1/4 1/6
Polymorphic 1/7 0/5 1/5 2/6 0/4 4/6
Scaled 1/7 0/5 1/5 3/6 1/4 1/6
Unordered 0/7 0/5 0/5 2/6 0/4 0/6
Unscaled 1/7

2 Number of clades supported/maximum number clades possible (number of taxa minus 2).

APPENDIX 5.  Similarity between trees from the original Urosaurus data set and trees based on 20 replicated
matrices with reduced sample sizes (n =< 5) for six methods for phylogenetic analysis of polymorphic characters
(see also Fig. 3). The missing and polymorphic methods were not included because of the large number of
shortest trees produced by the original matrix (489).

Similarity
Method X *SD Range
Any-instance 0.134 + 0.086 0-0.286
Frequency 0.861 = 0.124 0.571-1.000
Majority 0.709 = 0.042 0.642-0.771
Scaled 0.334 = 0.100 0.143-0.536
Unordered 0.196 = 0.068 0.072-0.372
Unscaled 0.291 * 0.087 0.143-0.476




