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PATTERNS OF VARIATION IN LEVELS OF HOMOPLASY

MICHAEL J. SANDERSON! AND MICHAEL J. DONOGHUE
Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, AZ 85721

Abstract. —Patterns of variation in levels of homoplasy were explored through statistical analyses
of standardized consistency indexes. Data were obtained from 60 recent cladistic analyses of a
wide variety of organisms based on several different kinds of characters. Consistency index is highly
correlated with the number of taxa included in an analysis, with homoplasy increasing as the
number of taxa increases. This observation is compatible with a simple model of character evolution
in which 1) the probability of character-state change increases with the total number of branches
in a tree and 2) the number of possible states of a character is limited. Consistency index does not
show a significant relationship to the number of characters utilized in an analysis or to the taxonomic
rank of the terminal taxa. When the relationship between consistency index and number of taxa
is taken into account, there is no significant difference between plant and animal data sets in the
amount of homoplasy. Likewise, the level of homoplasy in morphological and molecular data sets
does not appear to differ significantly, although there are still too few molecular studies to be
confident of this result. Future comparisons of consistency indexes, including studies along the
lines established here, must take into account the influence of the number of taxa on homoplasy.
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Phylogenetic studies of character evolu-
tion have focused on selected traits within
individual groups of organisms (e.g., Rid-
ley, 1983; Wake and Larson, 1987; Huey
and Bennett, 1987; Sessions and Larson,
1987; Sillén-Tullberg, 1988; Hufford, 1988).
Lauder (1981, 1982) suggested searching for
general patterns of character evolution by
comparing cladograms of different groups,
but this has seldom been done, and such
comparisons have been restricted to only a
few groups (e.g., Emerson, 1988). No at-
tempt has been made to document general
patterns of character evolution by compar-
ing cladograms of many groups at once. Here
we undertake such an analysis of one general
feature of character evolution, homoplasy
(Lankester, 1870), which is the independent
evolution of the same character state.

Although the term homoplasy is some-
times used to refer to any kind of conver-
gence, parallelism, or reversal (Futuyma,
1986), its connotation is narrower in cla-
distic analyses, which provide the basic data
upon which our analysis is based. Homo-
plasy in cladistic analyses results when fea-
tures hypothesized at the outset of an anal-
ysis to be homologous are found to arise
more than once on a cladogram, or to orig-
inate and then be lost (Farris, 1983; Patter-
son, 1982). The criteria used to assess ho-

! Present address: 467 Mann Library, L. H. Bailey
Hortorium, Cornell University, Ithaca, NY 14853.

mology a priori are a special subset of all
possible criteria, since they are intended to
permit recognition of character states that
are similar by virtue of common ancestry.
In particular, these include the positional
and developmental criteria of Remane
(1952; see Patterson, 1982).

Systematists often view homoplasy re-
sulting from rejection of these initial hy-
potheses of homology as no more than a
collection of mistakes. Indeed, the most fre-
quently used measure of homoplasy in cla-
distic studies, the ‘“‘consistency index”
(Kluge and Farris, 1969; see below) is gen-
erally interpreted as a measure of goodness
of fit of data to a tree topology, rather than
a description of some evolutionary pattern.
In some cases, the quality of a particular
study has been judged largely by this mea-
sure (e.g., Riggins and Farris, 1983 p. 99).

Although we agree that homoplasy always
reépresents a ““‘mistake” in the sense of a mis-
taken hypothesis of homology, it is clear
that not all such mistakes are of equal in-
terest to evolutionary biologists. Mistakes
due to measurement errors (e.g., misreading
a caliper) do not necessitate any explana-
tions of an evolutionary kind, whereas
“mistakes” such as the discovery of an in-
dependent origin of some character do.
Moreover, if the latter mistake occurs among
characters that have already passed some a
priori test of homology, they are especially
interesting, because the evolutionary expla-
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TasLE 1. Cladistic analyses used in this study. Data types: “morph” refers to morphological data (broadly
construed); “molec” refers to molecular data. See text and the Appendix for details. The numbers of characters
were standardized to the numbers of binary-character equivalents (Sokal and Shao, 1985).

Num- Cor-
Num- berof rected
Num- ber of autapo- consis-

Data Taxonomic ber of charac- mor- tency
set Kingdom Data type rank taxa ters phies index Source
1 plant morph  species 6 17 6 0.79 Jansen, 1981
2 plant morph  species 9 19 0 0.79 Anderberg, 1986
3 plant morph  species 14 31 3 0.72 Ladiges and Humpbhries, 1983
4 plant morph  species 20 28 4 0.44 Campbell, 1986
5 plant morph  species 25 51 12 0.63 Funk, 1982
6 plant morph  species 29 65 3 0.43 Ladigesetal., 1987
7 plant morph  species 37 65 3 0.39 Eckenwalder and Barrett, 1986
8 plant morph  genus 29 126 0 0.31 Baum, 1983
9 plant morph genus 29 81 34 0.56 Bremer, 1987
10 plant morph  genus 65 39 0 0.37 Kellogg and Campbell, 1987
11  plant morph  genus 68 94 0 0.32 P. Stevens, pers. comm.
12 plant morph family 15 56 12 0.60 Dahlgren and Rasmussen, 1983
13 plant morph family 20 71 2 0.35 Rodman et al., 1984
14  plant morph family 47 61 2 0.26 Dahlgren and Bremer, 1985
15 plant morph  order 15 37 6 0.55 Gabrielson and Garbary, 1987
16 plant morph class 11 41 13 0.82 Mishler and Churchill, 1985
17 plant morph class 20 31 0 0.62 Crane, 1985
18 plant morph class 20 62 0 0.50 Doyle and Donoghue, 1986
19 plant molec? species 9 119 64 0.90 Sytsma and Gottlieb, 1986a
20 plant molec® genus 10 117 0 0.73 Hamby and Zimmer, 1988
21 plant molec® genus 16 211 156 0.60 Jansen and Palmer, 1988

22 plant molec? genus 12 390 273 0.65 Jansen and Palmer, 1988
23 plant molec® genus 55 868 568 0.52 R.K. Jansen and J. Palmer, pers. comm.

24 plant  molec® family 6 111 35 0.60 Bremer, 1988

25 plant molec? family 9 88 26 0.50 Bremer, 1988

26 plant  molec® order 26 84 0 0.53 Bremer et al., 1987

27 animal morph species 4 23 10 1.00 Livezey, 1986

28 animal morph species 6 34 13 0.84 Grismer, 1983

29 animal morph species 9 33 3 0.81 Cracraft, 1986a

30 animal morph species 11 83 41 0.64 Jamieson et al., 1987

31 animal morph species 12 32 0 0.70 Fink and Fink, 1986

32 animal morph species 20 74 1 0.68 Collette and Russo, 1985
33 animal morph species 24 31 1 0.60 Guyer and Savage, 1986
34 animal morph species 27 94 S 0.40 Cane, 1983

35 animal morph species 35 72 7 0.43 Herman, 1986

36 animal morph genus 5 36 13 0.72 Crother et al., 1986

37 animal morph genus 7 26 0 0.76 Carpenter, 1987

38 animal morph genus 10 49 12 0.80 Schuh and Polhemus, 1980
39 animal morph genus 16 15 0 0.50 Wighton and Wilson, 1987
40 animal morph genus 17 18 5 0.54 Cutler and Gibbs, 1985
41 animal morph genus 27 323 78 0.49 Fink, 1985

42 animal morph genus 57 307 24 045 Kitching, 1987

43 animal morph family 13 59 0 0.66 Cracraft, 1985

44 animal morph family 22 113 43 0.63 Nelson, 1984

45 animal morph class 8 84 0 0.89 Gauthier, 1986

46 animal morph class 9 39 11 0.93 Brooks et al., 1985

47 animal molec® species 6 118 87 0.56 George and Ryder, 1986
48 animal molec® species 32 76 55 0.66 Hillis and Davis, 1986
49 animal molec® order 13 19 0 0.59 Wyssetal.,, 1987

50 animal molec® order 14 18 0 0.49 Wyssetal, 1987

51 animal molec® order 14 27 0 0.60 Wyssetal, 1987

52 animal molec® order 19 17 0 0.63 Wyssetal, 1987

53 animal molec® species 12 21 2 0.95 Miyamoto, 1983

54 animal molec® species 25 90 38 0.38 Sites et al., 1984

55 animal molec® species 26 68 0 0.37 W. Heed, pers. comm.
56 animal molec® genus 14 92 46 0.47 Straney, 1981
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TABLE 1. Continued.
Num- Cor-
Num- berof rected
Num- ber of autapo- consis-
Data Taxonomic ber of charac- mor- tency
set Kingdom Data type rank taxa ters phies index Source
57 other morph  species 11 25 S 0.53 Vilgalys, 1986
58 other morph genus 17 24 0 0.53 Baum and Saville, 1985
59 other morph ? 18 20 8 0.63 Churchill et al., 1984
60 other morph  class 36 105 38 0.34 Lipscomb, 1985

2 Restriction-fragment analysis.
Nucleotide-sequence and amino-acid-sequence analyses.
¢ Protein-polymorphism electrophoretic analysis.

nation for their recurrence may differ from
an explanation that is adequate to account
for broad convergences that are not posi-
tionally or developmentally similar (Rensch,
1959 p. 191).

Assertions about homoplasy are wide-
spread in the literature (see Discussion).
Statements regarding levels of homoplasy
in plants versus animals and in morpho-
logical versus molecular data have seldom
been tested. Hypothesized relationships be-
tween homoplasy and the number of char-
acters, taxonomic rank, or number of taxa
included in cladistic studies have received
even less attention. Here, we explore general
patterns of variation in levels of homoplasy
utilizing data obtained from recent cladistic
analyses of a wide variety of organisms. We
focus on the relationship between consis-
tency index and the variables mentioned
above and then consider the evolutionary
implications of the patterns observed.

MATERIALS AND METHODS

Cladistic studies were selected according
to the following criteria. First, in order to
exclude analyses utilizing earlier versions of
parsimony algorithms, we considered only
studies conducted since 1980. Second, only
those analyses based on discrete ‘“qualita-
tive” characters were selected; studies
involving continuous (morphometric) char-
acters and distance data (e.g., DNA-hybrid-
ization data) were not considered, because
there is no clear analog of consistency index
for such data. Third, only data sets analyzed
under Wagner parsimony (allowing both
forward state changes and reversals; Felsen-
stein, 1982) were selected for comparison;
analyses using restricted parsimony ap-
proaches (e.g., “Dollo parsimony”), char-
acter compatibility, or phenetic algorithms

were excluded. Finally, analyses were in-
cluded only if sufficient information was
provided to permit us to standardize con-
sistency indexes in the manner described in
the Appendix.

Sixty data sets that satisfied these require-
ments were selected (Table 1), encompass-
ing a broad range of variation in the type
of organism and the type of characters in-
volved. Of these, 26 are analyses of plant
taxa, 30 are analyses of animals (both
“plant” and ‘“‘animal’ are interpreted
broadly), and four are analyses of ‘“‘other”
groups (two of fungi, one of all major groups
of eukaryotes, and one involving invented
“organisms,” the Dendrogramaceae). For-
ty-two of the studies are analyses of “mor-
phological” data (interpreted broadly to in-
clude one study of secondary chemical
characters), while the remaining 18 are anal-
yses of “molecular” data (also interpreted
broadly to include four protein-electropho-
retic studies and 14 restriction-fragment,
amino-acid, and nucleotide-sequence stud-
ies). The smaller number of molecular stud-
ies reflects the fact that fewer molecular
studies that meet the requirements specified
above are currently available. The selected
studies involve a wide range of numbers of
taxa (4-68), numbers of characters (15-868),
and taxonomic ranks of terminal taxa
(species—classes/phyla).

The consistency index (CI; Kluge and
Farris, 1969) was used as the standard for
comparison of levels of homoplasy among
studies. Although CI measures only the
overall amount of homoplasy, its simplicity
and widespread use make it an obvious
choice for comparing data sets. A character
is perfectly consistent (shows no homoplasy
on a cladogram) if all state changes occur
only once. For example, a perfectly consis-
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tent binary (two-state) character would en-
tail only a single state change (step), say from
state ““0”’ to state ““1”°. If more than one state
change is required to fit parsimoniously, or
to ““optimize,” the character on the tree (for
example, two changes from “0” to “1” or
a change from “0” to “1” and then a re-
versal to “0”’), then the character is not per-
fectly consistent; it is inconsistent, or homo-
plastic. The consistency index is defined as
the minimum number of character-state
changes required by a particular data set
(summed over all characters) divided by the
total number of state changes required to
most parsimoniously fit all of the characters
on the tree under consideration. If homo-
plasy is absent the consistency index is 1.0,
and CI decreases toward 0 as homoplasy
increases.

Possible Sources of Bias

Despite its frequent use, it is not widely
appreciated that CI is affected by the inclu-
sion of characters that are necessarily per-
fectly consistent on all trees (Carpenter,
1988). Inclusion of characters in which a
single state is possessed by all groups under
consideration (invariant characters) and/or
characters in which only one of the included
taxa possesses a particular derived state
(autapomorphies), will inflate CI by adding
one unit to both the numerator and denom-
inator in the calculation. Unfortunately,
cladists have not been entirely consistent in
omitting these phylogenetically uninfor-
mative characters from their data sets. Rec-
ognizing the possibility that this inconsis-
tency might seriously bias our comparison
of CI’s obtained from different studies, we
recalculated CI’s after eliminating necessar-
ily consistent characters according to a set
of rules detailed in the Appendix.

Several other potential biases are more
difficult to eliminate. We are unaware of any
systematic bias associated with these factors
in relation to type of organism, type of data,
or any other variable discussed below and,
therefore, doubt that they exert any signif-
icant effect on our results. Nevertheless,
these factors are worthy of mention as pos-
sible sources of residual variation in CI’s,
and their effects should be tested when a
larger number of appropriate cladistic stud-
ies become available.

M. J. SANDERSON AND M. J. DONOGHUE

Character Distribution.—The effects of
autapomorphies and invariant characters on
CI are best seen as extreme cases of the
influence of the distribution of character
states among the taxa. Characters in which
an almost equal number of taxa possess the
alternate states of a binary character have a
greater probability of showing lower con-
sistencies than characters in which the dis-
tribution of states is markedly unequal, sim-
ply because there are more opportunities for
homoplasy in the first case (Meacham, 1981,
1984). Thus, data sets that include a large
proportion of characters with highly un-
equal distributions of states will tend to have
higher CI’s than those in which most char-
acters have nearly equal distributions among
the taxa.

Multistate Characters. —Studies involv-
ing ordered multistate characters will tend
to have lower consistencies than those in
which the multistate characters are unor-
dered, because cladograms may necessitate
state transitions in ordered characters that
add more than one step (e.g., from state 1
to 3). This effect is apparent in Baum’s (1984)
compatibility analysis of Avena, which in-
volved ordered characters with as many as
16 states. Not surprisingly, he found that
the largest sets of mutually compatible char-
acters (cliques) were exceedingly small, in-
dicating a very high level of inconsistency.
Most molecular studies utilize either binary
coding for presence/absence of restriction
fragments or unordered multistate coding
for nucleotide data. Such data are therefore
less susceptible to this kind of bias than are
ordered morphological data.

Missing Data. —Parsimony algorithms
assign characters scored as ‘“‘unknown’ or
“missing” to whichever state is most par-
simonious, given the position of the taxon
in the tree based on “known’ characters.
Since such coding can never increase in-
consistency, whereas homoplasy might be
introduced if ““‘unknowns” were replaced by
definite scores, data sets with more un-
knowns will tend to have higher consisten-
cies than those with fewer unknowns. This
is likely to be a significant factor only for
data sets in which many taxa are scored as
unknown due to high levels of polymor-
phism or in studies that include fossil groups
for which information on many characters
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TABLE 2. Total correlation matrix.

Variable

Number of Taxonomic
Variable Number of taxa characters rank
log(CI) —0.68%** -0.12 —-0.01
Number of
taxa 0.38%* —0.04
Number of

characters —0.05

** P < 0.01; *** P < 0.001.

is lacking (e.g., Gauthier, 1986; Cracraft,
1986b) or about which there are uncertain-
ties regarding initial homology assessments
(e.g., Doyle and Donoghue, 1986).

Statistical Analyses

We utilized multiple linear regression to
test for the dependence of CI on several
variates of interest, including the number
of taxa included in an analysis, the number
of characters used, and the taxonomic rank
of the terminal taxa (using a linear scale
corresponding to the categories of the Lin-
naean hierarchy: from species = 1 to class
or above = 5). Because preliminary analyses
suggested a curvilinear relationship of CI to
one of the independent variates, number of
taxa (see Fig. 1A), and because the CI is a
ratio, which becomes increasingly insensi-
tive to homoplasy as homoplasy increases,
log-transformed CI’s were used in subse-
quent analyses (Fig. 1B). Log transforma-
tion was only partially effective in linear-
izing the data.

Differences in regression parameters be-
tween subsets of the data were examined
using analysis of covariance. Class variables
considered were type of organism (“plant”
versus “animal”) and type of character data
(“morphological” versus “molecular”). All
statistical analyses were performed using
SAS version 6.02 on an IBM PC-AT mi-
crocomputer.
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Fic. 1. Graphs of consistency index (CI) versus
number of taxa included in 60 cladistic analyses (Table
1): A) untransformed consistency indexes versus num-
ber of taxa; B) log-transformed consistency indexes and
linear regression of CI on number of taxa (see Table
3). The formula CI = 0.90 — 0.022 (number of taxa)
+ 0.000213 (number of taxa)?, derived from polyno-
mial regression analysis of Table 1, can be used to
estimate expected CI’s for a study with a given number
of taxa. The regression cannot be extended over about
60 taxa.

RESULTS

Relationships among the variables are
shown in Table 2 and Figures 1-3. Consis-
tency index is highly correlated with num-
ber of taxa (P < 0.001) but not with number
of characters or taxonomic rank. Number
of characters is strongly correlated with
number of taxa (P < 0.01) but not with CI,
despite the strong correlation between CI
and number of taxa. Multiple-regression
analysis applied to the entire data set con-
firmed the pattern evident from the corre-

TABLE 3. Regression-parameter estimates of log-transformed consistency indexes for subsets of the data.

Regression slope

Number of
Subset Sample size Intercept Number of taxa characters Taxonomic rank
All data 60 —0.2528** —0.0158*** 0.0003 —0.0092
Animals 30 —0.2507* —0.0160** 0.0001 0.0151
Plants 26 —0.2740* —0.0143%** 0.0004 —0.0236
Morphological data 42 —0.2126* —0.0170*** 0.0002 —0.0029
Molecular data 18 —0.3552* —0.0104 0.0003 —0.0191

*P < 0.05;** P < 0.01; ***P < 0.001.
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FiG. 2. Log-transformed consistency index versus
number of characters in 60 cladistic analyses (Table
1). Studies with more than 400 characters have been
omitted from the graph (see text).

lation matrix (Table 3). The intercept and
the slope of number of taxa are both highly
significant components of the regression (P
< 0.001), while other variates are not sta-
tistically significant. The linear-regression
model explains 50% of the variance in CI.
Because of potential sensitivity of the
regression model to extreme outliers for
character number (those few studies with
between 200 and 800 characters), an addi-
tional analysis was conducted omitting these
studies. A negative, but nonsignificant (R2
= 9%), relationship was found between CI
and character number in a simple regression
analysis; however, when other variables were
included in a multiple-regression model,
number of characters was still not a signif-
icant component.

Conclusions based on the entire data set
are the most robust results of our study.
When the data set is subdivided, sampling
error becomes a more serious problem, and
we hesitate to draw strong conclusions. For
this reason, we did not further subdivide
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FiGg. 3. Log-transformed consistency index versus
taxonomic rank (Table 1), in which ranks are assigned
an integer value corresponding to the Linnaean hier-
archy, from species = 1 to classes (and above) = 5.
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Number of Taxa
FiG.4. Comparison of log-transformed consistency
index versus number of taxa in plant versus animal
data sets (Table 1). Simple regressions of CI on number
of taxa are plotted for each group. The solid line is the
regression for plants, and the dashed line is the regres-
sion for animals.

the “molecular” subset of studies. We sus-
pected that number of taxa would be the
most important factor affecting CI in sub-
sets of the data (as it was in the entire data
set), and multiple regression applied sepa-
rately to plants and animals, and to mor-
phological and molecular data, provided no
reason to question this expectation. Regres-
sions for plants and animals are strikingly
similar, as are estimates for morphological
and molecular data; in each case, only num-
ber of taxa is a significant variate. Although
the regression parameters for the molecular
data set are not significantly different from
zero, they nevertheless suggest a negative
relationship between CI and number of taxa.

Plots of CI versus number of taxa for sub-
sets of the data are shown in Figures 4 and
5. Simple regressions of a dependent variate
on a single independent variate may be mis-
leading in the context of multiple regression
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Fic.5. Comparison oflog-transformed consistency
index versus number of taxa in morphological versus
molecular data sets (Table 1). Simple regressions of CI
on number of taxa are plotted for each group. The solid
line is the regression for morphological data, and the
dashed line is the regression for molecular data.
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if other variates exert important effects
(Montgomery and Peck, 1982). However,
the similarity between plant and animal data
sets in the multiple-regression analyses (Ta-
ble 3) is mimicked by a similarity in the
simple regressions (Fig. 4). Analysis of co-
variance for number of taxa alone showed
no significant difference in the slopes of these
two regressions. The comparison of mor-
phological and molecular characters was less
clear. Multiple-regression parameters sug-
gest that there are some differences in the
patterns for the two kinds of data (Table 3),
but the simple regressions of CI on number
of taxa differ from one another only at a
significance level of P = 0.057 (Fig. 5). More
molecular studies must be considered be-
fore any importance can be attached to this
“almost significant™ difference.

DiscussioN
Number of Taxa

Our results indicate that as the number
of taxa included in an analysis increases, the
consistency index decreases (Fig. 1). There-
fore, the average number of state changes
per character increases with the addition of
taxa. Although this relationship has been
suggested previously both on theoretical
(e.g., Riggins and Farris, 1983) and empir-
ical grounds (Archie’s [1985] analysis of
seven morphometric data sets), the present
analysis, based on 60 studies, provides de-
finitive support for this relationship.

Several taxonomic artifacts might yield
the observed results, but in our opinion,
none provides a compelling explanation. For
example, systematists working on large
groups might be more prone to errors in a
priori homology assessments and in scoring
taxa (perhaps because of the additional work
required), leading to an increase in homo-
plasy. There is, however, sociological pres-
sure opposing this bias, since low CI values
are widely considered to be symptomatic of
poor character analysis and dubious results.
Furthermore, systematists sometimes re-
move excessively homoplastic characters
after consulting a preliminary parsimony
analysis (at least in morphological studies),
either as part of a formal successive weight-
ing scheme (Farris, 1969) or because initial
indications of homoplasy lead to a recon-
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sideration of certain characters and the dis-
covery of mistakes. Even so, systematists
have been unable to maintain high CI’s in
large studies.

Bias would also be introduced if system-
atists studying large groups included more
homoplastic characters than they would in
studying smaller groups. A study of a large
number of taxa necessarily requires the
identification of a larger number of individ-
ual relationships, and this requires more
characters to achieve the same degree of res-
olution. The strong positive correlation seen
between number of taxa and number of
characters (Table 2) may reflect a conscious
or unconscious desire to include more char-
acters, even if this means settling for char-
acters that are more likely to show homo-
plasy. However, there is no reason why
additional characters must necessarily be
more homoplastic; in fact, larger numbers
of characters do not appear to be correlated
with lower CI’s (see below).

A third possible bias may result from the
algorithms used to generate most-parsi-
monious trees. For small data sets (fewer
than 15 to 20 taxa) “branch-and-bound”
algorithms are available that guarantee the
recovery of the most-parsimonious tree(s).
For larger data sets, however, there are no
efficient algorithms that always identify the
shortest trees, and therefore larger studies
may report tree lengths somewhat longer
than the actual minimal tree(s), therefore
entailing more homoplasy. However, we
consider it unlikely that this accounts for
the large differences in CI observed in Fig-
ure 1. One way to investigate this bias would
be to use branch-and-bound algorithms to
study variation in CI among small studies.
We predict that the observed relationship
between CI and number of taxa would still
hold.

Another bias stemming from algorithms
used to reconstruct trees may be important
in studies with very few taxa. Parsimony
algorithms place an absolute upper limit on
the amount of homoplasy that can be de-
tected. For example, in the case of three
taxa, a consistency index below 0.60 is not
possible, because of the way parsimony al-
gorithms minimize character-state changes
on a tree. However, this minimum CI ap-
proaches zero rapidly as number of taxa in-
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creases and is unlikely to be an important
bias over the large range of number of taxa
studied here.

An obvious alternative to all of the ex-
planations given above is that systematists
studying large groups are unable to find
characters with low levels of homoplasy be-
cause such characters are rare. In other
words, the correlation of CI with number
of taxa may be primarily a reflection of the
evolutionary process itself, not of some
taxonomic artifact. The increase in homo-
plasy with number of taxa is consistent with
a model of character evolution in which the
probability that a character will change
somewhere on a tree is monotonically re-
lated to the total number of internodes
(branch segments) in the tree and, hence, to
the number of taxa. Given an average non-
zero probability of character-state change
along internodes as branches are added, the
number of state changes will tend to in-
crease, and this will result in increased ho-
moplasy if the number of possible states is
limited. This last point is critical. If there
were an unlimited number of states, then
an increase in the amount of change in a
character might not result in more homo-
plasy; instead, all changes might be to com-
pletely new states. It is the existence of a
limited number of alternative states (due to
some biological constraint; e.g., the exis-
tence of only four nucleotides) or the im-
position of a limited number of discrete
states by the systematist that may be re-
sponsible for the basic result.

The data compiled here do not allow a
direct test of this model. What is needed are
studies of nested subsets of taxa that are
taken from within the same larger group and
that differ in the numbers of terminal taxa
they contain. In any case, the view that sys-
tematic characters should indicate more ho-
moplasy in broader analyses accords well
with empirical generalizations suggested by
systematists. It is widely recognized, for ex-
ample, that characters found to be useful in
delimiting groups in one taxon will often be
found less useful when additional taxa are
examined (e.g., Mayr, 1969; Davis and
Heywood, 1973 p. 116). In addition, char-
acters thought to be conservative because
they delimit “higher” taxa are often found
to vary among closely related species when
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additional taxa are considered (e.g., Steb-
bins, 1974).

Number of Characters

There has been little explicit discussion
of the relationship between homoplasy and
number of characters. Although it is clear
that the number of character incompatibil-
ities in a data set can only increase as char-
acters are added, the consistency index can
increase or decrease depending on the dis-
tribution of the new character states among
taxa (in contrast, when taxa are added to an
analysis, CI can decline or stay the same).
Archie (1985) found that CI declined slight-
ly with the addition of characters in seven
morphometric data sets.

Despite a strong correlation between
number of taxa and CI and between number
of characters and number of taxa, we did
not find a significant correlation between
number of characters and CI (Fig. 2). Nor
does number of characters enter signifi-
cantly into the regression estimates. When
the effect of number of taxa is taken into
account, studies with hundreds of charac-
ters exhibit levels of homoplasy similar to
those in studies employing only a handful
of characters (e.g., compare Fink [1985] with
Wighton and Wilson [1987]).

This result might be interpreted as a re-
futation of the widespread view that the
quality or reliability of phylogenetic anal-
yses increases with the addition of charac-
ters. Indeed, if CI were considered a mea-
sure of quality, our results would cast doubt
on the intuition that it is better to include
more characters. However, the discussion
above on the decline of CI with an increas-
ing number of taxa suggests that this is an
inappropriate interpretation, unless we sup-
pose that studies involving more taxa are
necessarily inferior. We suggest that CI is
not a measure of quality, but simply a mea-
sure of the overall level of homoplasy. These
attributes are logically distinct.

The standard view on the desirability of
adding characters can be defended on other
grounds. The reason to gather more data is
not to increase the consistency index (which
it does not) but, rather, to take advantage
of “‘statistical consistency’ (Felsenstein,
1978), that is, convergence on truth as a
more complete sample of characters is con-
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sidered. There is also a relationship between
the number of characters and the confidence
that can be associated with particular clades,
at least when confidence is measured by the
bootstrap technique (Felsenstein, 1985;
Sanderson, 1989). It is important to rec-
ognize that CI and confidence are not di-
rectly related. Although confidence may in
some cases be associated with the CI, it need
not be. In Figure 6, we present a data set
possessing a CI much lower than the ex-
pectation for that number of taxa, which
nevertheless has component clades sup-
ported with high levels of confidence as
measured by bootstrap resampling—higher
levels in fact than are often found in real
data sets (Sanderson, 1989).

Taxonomic Rank

There is little consensus in the literature
regarding the expected relationship between
homoplasy and taxonomic rank. Some au-
thors have suggested that unravelling phy-
logenetic relationships among higher taxa,
such as angiosperm families or mammalian
orders, will be particularly difficult, owing
to rampant parallelism and convergence at
such levels (e.g., Cronquist, 1987 p. 46).
Other authors suggest that parallelism ought
to be more prevalent at lower taxonomic
levels, because very closely related organ-
isms are genetically and developmentally
more similar and, therefore, more prone to
parallel responses to similar selective or
mutational pressures (e.g., Vavilov, 1922;
Rensch, 1959; Davis and Heywood, 1973;
Arnold, 1981; Stevens, 1986).

Our analysis suggests that levels of ho-
moplasy are largely independent of taxo-
nomic rank (Fig. 3). Homoplasy in char-
acters used to assess relationships among
higher taxa is similar to that in characters
used at lower taxonomic levels. This result
might simply reflect the fact that ranks are
not equivalent, especially among divergent
groups (e.g., species or families of angio-
sperms versus mammals or insects; Mishler
and Donoghue, 1982; Gauthier, et al.
1988a). Perhaps if rank were adjusted to
reflect age, as suggested by Hennig (1966),
a correlation between homoplasy and rank
would be discovered, with older groups
showing more homoplasy. However, this
expectation may be misguided. Higher taxa,
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Fic. 6. Example of a data set with high homoplasy
and yet high confidence, as measured by Felsenstein’s
(1985) bootstrap confidence assessment. The numbers
along the nodes are the numbers of replicates out of
100 in which the clade occurred. The first four char-
acters in the data set are represented three times each,
so that 24 characters are included in all. The tree was
constructed using the branch-and-bound algorithm in
PAUP (Swofford, 1985), which produced one minimal
tree of length 36 steps. The CI of 0.67 is well below
empirically observed values for six taxa (see Fig. 1A),
indicating substantial homoplasy.

if monophyletic, are conceptually equiva-
lent to single ancestral species, and a cla-
distic analysis of a set of higher taxa can be
viewed as an analysis of their ancestral
species. If there is no reason to expect ho-
moplasy to be any more or less prevalent
among such ancestral species than it is
among a set of recent species, then levels of
homoplasy should be about equal at differ-
ent ranks.

We suspect that intuition on the subject
of rank has often been mistaken for two
reasons. First, higher taxa are not viewed as
ancestral species. Instead the myriad poly-
morphisms, parallelisms, and reversals,
which seem characteristic of all large taxa,
are taken into consideration, even if only
subconsciously. Consideration of such vari-
ation is operationally equivalent to the in-
clusion of all the taxa within the higher
group, which leads to an increase in ho-
moplasy owing to the increase in number
of taxa (see above). Also, when higher taxa
reflect old lineages, it might be more likely
that extensive homoplasy would have time
to appear. However, if there are few ter-
minal taxa, then that homoplasy (present or
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not) would be difficult to detect, given the
upper limit on homoplasy detectable by
parsimony.

These conclusions do not contradict the
observation that any particular character
might be expected to show progressively
higher levels of homoplasy as the scope of
a study is expanded upward in rank. In prac-
tice, systematists undoubtedly choose their
character sets to reflect an appropriate
amount of variation for the rank of the ter-
minal taxa used. Although workers using
molecular data are more constrained than
morphologists in this regard, they too can
choose the appropriate molecule or the ap-
propriate set of restriction enzymes (some
restriction mutations appear more or less
frequently in a given genome). Hence, in all
cases, the relative invariance of levels of
homoplasy to taxonomic rank may reflect
compensation on the part of taxonomists.

Plant versus Animal Data

In contrast to the factors discussed above,
there has been much commentary on the
level of homoplasy in plants versus animals.
In particular, it is widely believed that plants
are more homoplastic than most animals.
Thus, according to Wagner (1984 p. 115),
“plants are evidently unusually inclined to-
wards parallelisms.” Likewise, Cronquist
(1987 p. 24) suggested that . . . the relative
lack of morphological integration in plants,
and poor correlation of evolutionary ad-
vances with adaptive zones and ecologic
niches, combine to permit rampant paral-
lelism, in contrast to the more rigid (though
imperfect) evolutionary channelling in an-
imals.” Accounting for increased homopla-
sy by reference to the relative simplicity and
indeterminate growth of plants has been an
especially popular argument. For example,
Stebbins (1974 p. 143), observing that . . .
patterns of development of individual or-
gans are, in general, much simpler in plants
than in animals,” concluded that <. . . sim-
ilar but independent evolutionary modifi-
cations of structures ... are much more
common in plants than in animals.” Sim-
ilarly, Gottleib (1984) postulated that rel-
atively few genes of major effect may un-
derlie character differences between plant
species and that plants may therefore be
more prone to parallelism than animals.
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Such sentiments have led to the wide-
spread belief that phylogeny reconstruction
is more difficult in plants than in animals
(e.g., Funk, 1981 p. 73; Davis and Hey-
wood, 1973 p. 112). Stebbins (1950 p. 506)
presumed, for instance, that . . . morpho-
logical similarity is much less indicative of
phylogenetic relationships in plants than it
is in animals,” and Cronquist (1987 p. 24)
pointed to the “difference in amount of par-
allelism in plants and animals” in com-
menting on the reluctance among botanists
to embrace cladistic methods. The percep-
tion of rampant homoplasy in plant mor-
phological characters has even led to the
suggestion that only molecular data will
provide characters with acceptable levels of
homoplasy (Sytsma and Gottlieb, 19865).

Despite considerable interest in this issue,
levels of homoplasy in plants and animals
have never been compared quantitatively.
Surprisingly, our comparison indicates that
levels of homoplasy are remarkably similar;
the regressions of consistency index on
number of taxa match closely (Fig. 4). We
conclude from this that there is little differ-
ence in the average level of homoplasy be-
tween plants and animals, at least among
those characters actually selected by sys-
tematists in analyzing cladistic relation-
ships.

We can think of two explanations for this
result. First, it is possible that CI fails to
capture what most biologists have in mind
when they use the term “homoplasy.” Per-
haps if all characters (or a truly random
sample of characters) were considered, plants
would indeed be more homoplastic than an-
imals. Systematists often eliminate char-
acters prior to phylogenetic analysis, and it
is possible that plant systematists eliminate
more characters, because a higher propor-
tion of characters are excessively variable
in plants than in animals. This is a difficult
proposition to test, because the number of
“rejected” characters is not usually reported
in published studies. Unfortunately, one
cannot simply compare the average number
of characters included in plant studies with
the average number included in animal
studies. Plant studies are generally based on
fewer characters, but it is well known that
animals (at least the ““higher”” metazoa) have
many more basic tissue types than plants
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(e.g., Gottlieb, 1984) and consequently are
likely to have many more taxonomic char-
acters. Alternatively, preconceived ideas
about homoplasy may have been incorrect.
Animals and plants may in fact be approx-
imately equally homoplastic. It is not pos-
sible at this time to distinguish between these
two alternative hypotheses, which is unfor-
tunate from the perspective of attempting
to understand the interesting evolutionary
implications of homoplasy. On the other
hand, botanists should find these results en-
couraging, because regardless of which of
the above explanations is correct, it is clear-
ly possible to gather character data on plants
that exhibit as little homoplasy as data on
animals. Indeed, plant systematists have
been doing it for years.

Morphological versus Molecular Data

The value of morphological data in elu-
cidating phylogeny has frequently been
questioned because of the susceptibility of
morphology to convergent evolution by
natural selection. Some have suggested that
molecular data can and will resolve phy-
logenetic questions that morphology cannot
(e.g., Hillis, 1987; Patterson, 1987; Sibley
and Ahlquist, 1987 p. 118; Bobrova et al.,
1987; Olmstead, 1989). For example, Syts-
ma and Gottlieb (19865 p. 5556) state that
a “... primary reliance on morphological
data to model phylogenetic relationships
may be misleading, no matter how many
characters are examined.” Furthermore,
molecular systematists have touted high CI’s
in support of the contention that such data
are less homoplastic (e.g., Jansen and Palm-
er, 1988 p. 764), although these CI’s are
substantially lower when numerous autapo-
morphies are removed (Table 1). On the
other hand, some systematists have pointed
out difficulties in establishing homology in
molecular characters (e.g., Patterson, 1987
p. 18), and it has even been suggested (Mish-
ler et al.,, 1988) that molecular data may
show more homoplasy, due to the limited
number of character states per character (lo-
cus) and the difficulty in eliminating ho-
moplasy by careful a priori character anal-
ysis (in contrast to morphological characters
which undergo development).

A few studies have compared levels of
homoplasy in molecular data with those in
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morphological data for particular taxa. Wyss
etal. (1987) examined homoplasy in amino-
acid sequences of mammal orders and found
it comparable to that seen in morphological
data. In a similar analysis of amino-acid
sequences in angiosperms, Bremer (1988)
concluded that levels of homoplasy were too
high to yield robust phylogenies. Our study
is more comprehensive in that it includes
18 molecular studies and 42 morphological
studies, and it considers the effects of other
factors, such as the numbers of taxa and
characters. We find little support for the be-
lief that molecular data show either lower
or higher levels of homoplasy (Fig. 5). How-
ever, because our sample of molecular stud-
ies is still small and because of the high
variability in consistency indexes, the
regression estimates for molecular studies
are not statistically significant (Table 3). Had
they been significant, they would have im-
plied that molecular data are more homo-
plastic than morphological data in smaller
studies and less homoplastic in larger ones.
Unfortunately, small sample sizes prevent-
ed us from examining further subsets of the
“molecular” data, to see, for example,
whether sequence and restriction-site data
are more or less homoplastic than protein
electrophoretic data. We do find it sugges-
tive, however, that the large study of Jansen
and Palmer (with 55 taxa) has a much lower
CI than other restriction-fragment studies
with fewer taxa.

In general, our result is not a criticism of
the use of molecular data. Molecular data
may prove to be better than morphological
data for reasons other than lower levels of
homoplasy. Perhaps the ability to generate
large numbers of characters will improve
the statistical consistency of the tree-esti-
mation process (Felsenstein, 1978), and less
ambiguous character-state assignments may
reduce artifacts introduced through human
error. However, there is no evidence to date
that molecular data are less homoplastic
than morphological data.

Conclusions

Our comparison of consistency indexes,
which has become possible with the avail-
ability of large numbers of cladistic studies,
allows a test of hypotheses about character
evolution and exposes unexpected patterns
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that require evolutionary explanation. We
have found that CI is strongly correlated
with number of taxa but not with number
of characters or taxonomic rank. Moreover,
when other factors are taken into account,
there does not appear to be any significant
difference in homoplasy between plants and
animals or between morphological and mo-
lecular data.

Many other comparisons are suggested by
this study. First, more refined analyses based
on a larger sample of studies will soon be
possible. The contrast of “morphological’
versus ‘“‘molecular” data sets is crude and
can be refined as studies become available.
It would be useful to compare morpholog-
ical versus behavioral, reproductive versus
nonreproductive, sequence versus electro-
phoretic, and nuclear versus organellar ge-
nome data. Second, CI could be decom-
posed into its components (parallelism and
reversal) as has been done in some individ-
ual studies (Eckenwalder and Barrett, 1986;
Gauthier, et al. 1988b). Finally, it should
be possible to compare patterns in the to-
pological distribution of homoplasy: for in-
stance, the localization of homoplasy to par-
ticular regions of a tree and the topological
correlation of homoplastic changes in dif-
ferent characters.

Analyses along these lines, and any other
quantitative comparisons of homoplasy us-
ing the consistency index, should take into
account the strong relationship of CI to the
number of taxa studied. Our results provide
an initial bench mark for comparative pur-
poses. Inferences based on levels of ho-
moplasy in particular groups must be drawn
with the knowledge that the size of the group
is a critical factor. This has rarely been rec-
ognized. Thorpe and Dickinson (1988)
studied the use of regulatory sequences in
reconstructing phylogenies in Drosophila
and concluded that *. . . the amount of ho-
moplasy within the groups of closely related
species is sufficiently small that regulatory
proteins may be useful for inferring rela-
tionships at this level ...” (p. 97). Their
conclusions were based on a comparison of
CI’s in small subsets of taxa relative to the
CI of the overall data set, which in large
part reflect differences in the numbers of
taxa involved. Systematists studying large
groups frequently encounter what seem to
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be inordinately high levels of homoplasy
(Cronquist, 1987 p. 32). For example, Funk
(1981 p. 82) suggested that the level of par-
allelism in the genus Montanoa had reached
“staggering proportions.” In fact, the con-
sistency index that we calculate from her
cladogram (0.46) is only slightly below the
value of 0.48 expected with the 25 taxa in-
cluded in her study. The observed deviation
is well within the standard error of the pre-
dicted value based on the regression param-
eters in Table 3 (Snedecor and Cochran,
1980 p. 166). The conclusion that homo-
plasy is extreme should not be based on the
absolute value of CI, but on a significant
deviation from the regression line in Figure 1.
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APPENDIX

Correction of Consistency Index for
Autapomorphies and Invariant Characters

In the case of binary characters, a character was
omitted from the calculation if all of the taxa in the
study were scored as having the same state (invariant)
or if only one taxon was scored as having the presumed
derived state (autapomorphic). This was done even
when one or more taxa were scored as “unknown” for
the character in question. In such cases, parsimony
algorithms assign the most parsimonious state to the
questionable taxon based upon its position in the tree
determined from other character data, and thus there
is no possibility of inconsistency in that character. If
only one taxon possessed the presumed ancestral (ple-
siomorphic) state, the character was retained, on the
grounds that it might still be inconsistent if it were later
found to be most parsimonious to assume a transition
to the derived state between the outgroup(s) and the
ingroup and a reversal to the outgroup condition within
the ingroup cladogram. We assumed that outgroups
were consulted in assessing character polarities, unless
it was explicitly stated that some other method was
employed. If a character was explicitly treated as un-
directed (polarity unknown), then it was eliminated if
only one taxon had a particular state, whether this was
coded as 0 or 1 in the matrix.

The same rules were also applied in standardizing
multistate characters that were treated as unordered,
that is, entailing only one step between any pair of
states. However, in such cases entire characters were
not eliminated; instead, a step was subtracted from the
numerator and denominator in calculating the consis-
tency index when only one taxon possessed a particular
derived state. In contrast, in the case of ordered mul-
tistate characters, steps were not subtracted when only
one taxon possessed a derived state, on the grounds
that the derivation of that state could entail more than
one step. This would be the case if the states possessed
by closely related taxa in the tree under consideration
were more than one step removed in the ordered trans-
formation series.



