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INTRODUCTION

When the term “homoplasy” was coined by Lankester (1870), the evolution-

ary process was central:

When identical or nearly similar forces, or environments, act on . . . parts in two
organisms, which parts are exactly or nearly alike and sometimes homogenetic [ho-
mologous], the resulting correspondences called forth in the several parts in the two
organisms will be nearly or exactly alike . . . I propose to call this form of agreement
homoplasis or bomoplasy. [p. 39)

However, the phylogenetic implications of this process were not lost on him:

Zoology has for some time been embarrassed with the reference of all segmented
Invertebrata to a common type, and the supposed homology of their segmented struc-
tures. This difficulry may, it is suggested, be possibly solved by the admission of true
zooid-segmentation as being frequently due to homoplasy, and nor by any means
necessarily an indication of genetic affinity. [p. 43|
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To many phylogeneticists homoplasy is now viewed only as “error in homol-
ogy assessment.” Although this restricted definition tends to ignore the pro-
found impact that homoplasy has on the generation of organismal diversity,
the emphasis is appropriate when accurate phylogeny reconstruction is the
central concern. Any source of error must be characterized, and, if possible,
ameliorated. Surprisingly, little attention has been paid to a subtle but basic
aspect of this “error™: even if homoplasy is a mistaken hypothesis of homol-
ogy for an individual character, does it generally impede efforts to recon-
struct phylogenies using sets of many independent characters?

Because ir is easy to imagine simple cases, such as a single character, in
which homoplasy leads to a mistaken idea of relationships, it is tempting to
generalize and equate overall levels of homoplasy with confidence in a tree.
Such generalizations have been common. For many years, levels of homo-
plasy, as encapsulated in the consistency index (Kluge and Farris 1969), were
routinely reported in phylogenetic studies, often accompanied by ad hoc
explanations for low values (reviewed in Sanderson and Donoghue 1989;
Donoghue and Sanderson 1992). More recently, surveys of consistency in-
dices have served as the basis for suggestions that high CI's support the
superiority of one kind of data over another. For example, Givnish and
Sytsma (1992) and Jansen (1995) have both suggested thar chloroplast re-
stricrion site data are berter than sequence data for plant phylogenetics based
at least in part on relative levels of homoplasy (Jansen also considered several
other variables in addition to homoplasy). Clearly, many investigators view
the level of homoplasy as a valuable indicator of the quality of the phyloge-
netic conclusions derived based on a dara ser.

Anorher reason that some workers have assumed a close relationship be-
tween homoplasy and confidence 1s the close relationship between rates of
evolution and confidence. Analytical (Felsenstein 1978) and simulation stud-
ies (see Archie 1996 for a review) have generally agreed that it is more diffi-
cult to estimate trees accurately when rates of evolution are high, and rares
of evolution ought generally to be correlated with levels of homoplasy. How-
ever, few studies have considered the distribution of homoplasy as a factor
independenr of rate (although see Landrum 1993; Archie 1996), and it is
possible thart rates, homoplasy, and confidence are intercorrelated in a way
that masks the underlying relationships among these variables.

Critical analyses of the consistency index (Sanderson and Donoghue
1989; Archie 1989; Klassen et al. 1991; Meier et al. 1991) have prompted
some reevaluation of the difference berween homoplasy and “informative-
ness” and perhaps “accuracy” (Goloboff 1991a,b). In this paper we examine
such issues further by considering the relationship, if any, between levels of
homoplasy in data sets and confidence in the phylogenertic tree(s) estimated
from those data. We begin where our previous study of levels of homoplasy
{Sanderson and Donoghue, 1989) left off—with an examination of homo-
plasy in relation to an independent measure of the robustness of a tree.
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Some authors have examined robustness in terms of the accuracy or
“nearness” of the estimated tree to the true tree in simulation studies in which
the true tree is known. Under those conditions the correspondence berween
the estimated tree and the true tree, as measured by a consensus index, for
example, is obviously a reasonable indication of accuracy. However, we pro-
pose to examine a large set of real (not simulated) phylogenetic data sets in
which the true tree is unknown. We hope that the disadvanrages of an un-
known underlying tree are offset by the gencrality entailed by the diversity
of evolutionary processes likely to be uncovered in any large sample of real
data sets.

Because we do not know the true tree in any real darta set, we focus on
“confidence,” rather than accuracy. The bootstrap procedure (Felsensten
1985; Sanderson 1989, 1995; Hillis and Bull 1993) is the most widely used
statistical assessment of confidence in a phylogenetic tree. It aims ro provide
an indication of the size of the neighborhood of trees thart are similar to the
true tree. Specifically, the bootstrap attempts to estimate the effects of sam-
pling error on phylogenetic inference. It aims to predict the probability that
further sampling of characters will support clades discovered in the inirial
analysis. It is therefore highly dependent on the number of synapomorphies
of a clade, for example—rhe idea being thar a clade in which many synapo-
morphies have already been discovered is probably a clade in which there
are also more undiscovered synapomorphies. The bootstrap has been criri-
cized for many reasons (reviewed in Sanderson 1995)—some philosophical,
some statistical, and some empirical (c.g., Cummings et al. 1995)—bur irs
utility, or at least the perception of its utility, remains high. Some nonstatist-
ical measures, such as the decay index (Bremer 1988; Donoghue et al. 1992)
are of no utility for comparative purposes, because their magnirudes are data
set dependent.

In principle, the bootstrap is decoupled from homoplasy. A dara set with
just one informative character (bur several uninformative ones) will auto-
matically have no apparent homoplasy (CI = 1.0) but its boorstrap value
will be very low because the probability of future sampling overturning the
relationship suggested by any single character is high. Conversely, it is not
difficult to construct data matrices thar have fairly low Cls but have high
bootstrap values, if the homoplasy is dispersed randomly around a tree and
is not correlated across characters. See Sanderson and Donoghue (1989:
1789) for an example.

We use the consistency index (CI: Kluge and Farris 1969) as a measure
of homoplasy. It and the retention index (RI: Farris 1989) (see Archie 1996)
are the most commonly cited statistics reported in phylogenetic studies. Both
measure aspects of the goodness of fit of a data set to a hierarchical tree
structure. However, Cl is a better measure of overall homoplasy, because RI
factors in the distribution of apomorphies among taxa. Rl therefore reflects
something in addition to homoplasy which is related to the probability that
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the dara could actually be expected to exhibit a certain level of homoplasy
given the distribution of character states among taxa. The difference can be
seen in a simple example. If 2 of 10 raxa have the apomorphic (derived) state
for a binary character, CI = 0.50 if the states arc parallelisms, but RI = 0.00.
If 4 of 10 taxa have the derived state, then CI = 0.25 bur still RI = 0.00
when all four originations are independent. Clearly these two cases represent
very different levels of homoplasy, but their retention indices are the same.
Goloboff (1991b) suggests thar CI provides more of an indication about
homoplasy than it does about “informativeness” abour relationships, imply-
ing that the two issues are logically separable.

As in our previous analysis (Sanderson and Donoghue 1989), we consider
a set of phylogenetic analyses of real taxa taken from the primary literature.
We use observational statistics to make inferences about the relationships
between levels of homoplasy and bootstrap estimates of confidence. Each
“observation” therefore represents an individual study sampled from a “pop-
ulation” of studies. This approach is not quite meta-analysis (Arngvist and
Wooster 1993). Meta-analysis, which is widely used to extract patterns from
multiple studies, tests a hypothesis across a set of studies that is identical to
a hypothesis tested (possibly by different methods) in each study. In the
present analysis there is no “hypothesis™ common to all studies. Instead we
seek information about the relationships of vanables in the population of
studies. For example, 1s data set size correlated with robustness of the result-
ing trees?

However, several problems in true meta-analyses could be problematic
here. Sometimes meta-analysis is applied to studies so different from each
other that the only thing they share in common is a significance level (the
“apples and oranges problem™). Phylogenetic analyses, however, share a fun-
damentally similar methodology. They use a data matrix of taxa by charac-
ters. In our study the characters are all discrete. Continuous characters and
distance date are excluded. Phylogenetic studies generally employ some op-
timization strategy to estimate a phylogenetic tree. In our study maximum
parsimony is the only algorithm used. Moreover, because the same algo-
rithms and software are used, precisely the same set of staristics are gathered
on each study.

Another issue in meta-analysis is the “file-drawer” problem, a bias intro-
duced because studics that fail to find significance are rarely reported in the
literarure (they are relegared ro the file drawer). However, perhaps because
of the systematics community’s collective uncertainty abour how to assign
significance to phylogenetic trees, systematists seem unlikely to fail to publish
because of lack of significance. Only one journal that publishes many phy-
logenetic studies, Molecular Biology and Evolution, encourages as part of its
editorial policy the reporting of significance levels (although reviewers of
other journals certainly may encourage it), and we suspect that a significant
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number of systematists regards the reporting of bootstrap values as positively
misguided (e.g., Wendel and Alberr 1992),

MATERIALS AND METHODS

A set of 101 phylogenetic studics (Table 1) was extracted from the TreeBASE
data base (WWW URL hrtp: /phylogeny.harvard.edu/treebase). A summary
of the characreristics of these data sets is provided in Table 2. They included
50 morphological, 29 RFLP, and 22 DNA sequence data sets, ranging in size
from 5 to 68 taxa and from 10 to 2226 characters. All studies were on green
plants.

Each data set was subjected to parsimony analysis using PAUP 3.1 (Swof-
ford 1993). Heuristic search oprions consisted of simple addition sequence
(“hold” set to §) and “TBR™ branch swapping with “maxtrees” set to 250.
The following tree statistics were recorded for each run: consistency index
(CI), retention index (RI), number of most parsimonious trees (Ntrees), and
degree of resolution of one of the most parsimonious trees (arbitrarily, the
first one, if more than onc was found). Degree of resolution was measured
by the normalized consensus fork index, which reports the fraction of possi-
ble clades that actually occur on a tree of given size (Swofford 1991). All
runs were performed on the same computer.

Each data set was then bootstrapped (100 replicates) using the same set
of heuristic search options. The list of clades appearing among the bootstrap
replicates was saved and larer examined by a UNIX shell script to summarize
findings. For each complete bootstrap analysis, two statistics were extracted:
(1) the maximum bootstrap level observed in the tree (B,,.) and (2) the
fraction of clades supported at the level of greater than 50% (B ,). Note that
B, is really the consensus fork index of the majority rule consensus tree
(Swofford 1991). These two statistics convey different aspects of overall
support for a tree. Neither of them is ideal, and other measures could be
used, such as the average bootstrap value computed over all clades in the
strict consensus tree (Jansen and Wee, personal communication), or Bremer’s
(1994) total support index. Of the two measures reported here, the By, value
should give a better overall summary of support but is influenced by the
average degree of resolution possible with the given set of characters (i.e.,
low resolution in the most parsimonious trees probably will also lead to
lower values of B, The B, statistic, on the other hand, should be less
sensitive to resolution and the distribution of character support among
clades, but cannot discriminate among overall support when it is fairly high.
There are many data sets for which B, i1s 1.0.

Statistical analyses were performed using JMP version 3 (SAS Institure,
Inc.). A matrix of partial correlation coefficients among all the variables is
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TABLE 1 Raw Data from an Analysis of 101 Phylogenetic Data Sets®

Nao. No. No.  Resolution
Ref. Data characters  taxa Cl RI trees  (CFI)* By B

1 Morph 32 40 0415 0721 36 0919 0.205 1.000

2 Morph 28 14 0.783 0.811 3§ 1.000 0.308 1.000

3 Morph 46 44 0459 0.776 250 0927 0.279  1.000

4 Morph 23 14 0644 0724 1 0.909 0.462 0818

5 Morph 29 23 0433 0600 4 0.950 0.091  0.673

6 Morph 10 7 0.833 0818 6 0.750 0.333  0.943

7 Morph 40 15 0.742 0.734 250 (.B33 0,071 0.948

8  Morph 22 13 0.931 0875 1 0.800 0.250 0.993

9 Morph 22 15 0.750 0.843 18 0.917 0.500 0.815
10 Morph 23 11 0.711 0.780 7 1.000 0.500 0.980
11 Morph 24 21 0.491 0.746 155  0.889 0.200 0.700
12 Morph 45 30 0.741  0.851 117 0.983 0.586 1.000
13 Morph 20 22 0.839 0896 6 0.632 0.286 0.972
14 Morph 15 [ 0.789 0.750 2 0.667 0.400 0.910
15 Morph 28 14 0.481 0604 18 0.909 0.308 0.674
16 Morph 34 20 0.600 0730 § 1.000 0.316 0.718
17 Morph 17 5 0909 0714 1 1.000 0.500 0.830
18  Morph 29 20 0.688 0.826 2 0.941 0.632 0.928
19  Morph 36 11 0.873 0.850 2 1.000 0.700 0.958
200 Morph 13 18 0.542 0.780 24 0.533 0.176  0.890
21 Morph 49 18 0.545 0.658 93 1.000 0.294 0.982
22 Morph &3 13 0.585% 0,700 18 1.000 0.583 0.990
23 Morph 15 11 1.000  1.000 15 0.750 0.300 (0.688
24 Morph 21 9 0.846 0.875 1 1.000 0.750  0.936
25  Morph 46 23 0465 0.663 55 1.000 0.227 0.720
26  Morph 25 11 0.617 0.647 1 1.000 0.500 0989

7  Morph 48 19 0.552 0566 1 1.000 0.333  0.980
28 Morph 17 19 0.774 0.868 35 0.688 0.500  0.960
29  Morph 25 9 0,750 0.714 4 1.000 0.500 0970
30 Morph 70 14 0.507 0.538 1 1.000 0.692 0.957
31 Morph 42 17 0.769 (.829 66 0.714 0,375 0.968
32 Morph 88 36 0.398 0.663 250 0906 0,182 0.870
33 Morph 29 12 0.938 0944 26 0.778 0.545  0.990
34  Morph 28 11 0.630 0595 11 1.000 "0.200  0.888
35  Morph 39 ¥ 0565 03565 2 1.000 0.571  0.901
36 Morph 36 40 0679 0892 18 0.919 0.512  0.960
37 Morph 27 14 0.658 0.729 24 0.818 0.462 0.789
38 Morph 27 11 0.644 0754 2 1.000 0,500  0.801
39 Morph 19 5 0.909 0833 1 1.000 0.500  1.000
40 Morph 36 [ 0.944 0,905 2 1.000 0.400  1.000
41 Morph 36 23 0.529 0.721 99 1.000 0.364  0.989
42  Morph 28 16 0.595 0630 & 1.000 0.400 0.702
43  Morph 15 [ 0.864 0.625 2 1.000 0.400  0.704
44  Morph 92 9 0.579 0451 1 1.000 0.375 0.880
45  Morph 53 19 0.625 0.814 2 0.875 0.500 0.9%0
46 Morph 16 9 0.889 0.923 1 1.000 0.750 0.980

(continues)
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TABLE 1—Contined
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No. Na. No.  Resolution
Ref. Data characters  taxa Cl RI trees  (CFI)P B,, B..
47  Morph 23 16 0.487 0.557 4 1.000 0.133  0.560
48 Morph 35 14 0.631 0730 2 1.000 0.846 0.960
49  Morph 60 24 0.301 0553 12 1.000 0.174  0.995
50  Morph 24 15 0.617 0727 7 0.917 0,429  0.941
51 Seq 118 43 0.674 0.851 8 L6550 0,452 1.000
52 Seq 671 24 0.798 0.9201 21 0.857 0.609  1.000
53 Seq 82 6 0.689 0367 1 1.000 0.400 0.663
54 Seq 17 8 0.758 0692 1 1.000 0.571  0.959
55  Seq 547 23 0.623 0458 1 1.000 0.318  1.000
56  Seq 86 12 0.625 0674 1 1.000 0.727  L000
57 Seq 358 12 0.854 0.806 3 1.000 0,727 0.980
58 Seq 88 12 0515 0470 4 1,000 0.545 1000
59 Seq 174 18 0.580 0.663 2 1.000 0.411  1.000
60  Seq 63l 22 0.768 0.776 250 0.947 0.524 L.000
61 Seq 138 3l 0.615 0.757 48 0.821 0.433  1.000
62 Seq 718 19 0.622 0.714 6 0.875 0.722  1.000
63 Seq 1428 13 0.788 0.716 4 1.000 0.750 1.000
64 Seq 151 28 0.751 0.843 8 1.000 0.741  1.000
65 Seq 154 19 0.570 0635 27 0.938 0.333  1.000
66 Seq 637 22 0.737 0755 2 1.000 0.619 1.000
67  Seq 2167 33 0.559 0434 2 1.000 0.656 1.000
68  Seq 720 41 0.550 0.729 3 1.000 0.800  1.000
69  Seq 486 9 0.923 0942 1 1.000 0.750 1000
70 Seq 2226 24 0.648 0652 24 1.000 0.609  1.000
71 Seq 1428 21 0.615 0558 31 1.000 0.400  1.000
72 Seq 270 28 0.636 0.749 3 0,960 0111 1.000
73 Seq 652 35 0.752  0.654 250 0.906 0.529  1.000
74  RFLP 161 33 0.459 0781 =6 1.000 0.688 1000
75  RFLP 82 68 0.562 0.892 250 0.708 0433 1L.000
76  RFLP 58 24 0.784 0957 5 0.667 0435 1000
77  RFLP 65 11 0.755 0.835 4 0.875 0,300  1.000
78 RFLP 3n 66 0.475 0709 250 0.840 0.308 1.000
79 RFLP 43 12 0.872 0935 1 1.000 0.818 1.000
80 RFLP 21 42 0.957 0994 48 0.282 0.244  1.000
81 RFLP 104 6 0.889 0.917 1 1.000 0.600  1.000
82 RFLP 245 23 0.573 0729 8 1.000 0.636 1.000
83 RFLP 110 27 0.894 0.845 6 0.625 0.538 1.000
84 RFLP 56 20 0.862 0962 8 0.765 0.526 1.000
85 RFLP 45 32 0.381 0.746 6 0.724 0.290 0.970
86  RFLP 74 10 0.935 0.88%9 3 0.857 0.555  1.000
87  RFLP 115 16 0.846 0.868 19 0.615 0.400  1.000
88  RFLP 38 27 0.844 0951 250  0.500 0.346 0.990
89  RFLP 29 11 0.967 0957 1 0.500 0.400  1.000
90  RFLP 72 14 0.673 0,670 1 1.000 0.846 0.970
91 RFLP 44 33 0.740 0949 1 0.533 0.437  1.000
92  RFLP 53 14 0.855 0938 2 0.818 0.692  1.000

{eontinues)
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TABLE 1—Contirued
No. No. No.  Resolution

Ref. Data characters  taxa Cl RI trees  (CFIP® By B
93  RFLP 128 46 0.888 0.941 250 0465 0.378  0.9%90
94  RFLP 7 45 0.561 0.834 250 0.810 0.432  0.990
95  RFLP 55 10 0902 0926 1 1.000 0.77 1.000
96 RFLP 194 9 0.975 0970 1 0.667 0,500 1.000
97 RFLP 26 9 1000 1000 1 0.333 0.250  1.000
98 RFLP 72 38 0459 0.824 64 0.829 0.541  1.000
99  RFLP 10 23 1.000 1000 1 0.250 0,227  0.980

100 RFLP 30 10 0.762 0.792 1 0.857 0.333  0.900

101 RFLP 25 40 0.962 0985 2 0.270 0.256 0.940

“See Appendix for references to studies.
*Normalized consensus fork index

provided in Table 3. These indicate the association among pairs of variables
when all other variables are held constant. Significance tests for the matrix
of partial correlations were not reported owing to mulriple test issues (Sokal
and Rohlf 1981). Instead, multiple regression was used. Principal component
analysis was used to summarize variation patterns in the eight-dimensional
space of the boortstrap indices plus the data set parameters {Table 4 and Fig.
1). Least squares multiple regression (Tables § and 6) of By, and B, against
all the other variables simultaneously was used to examine the effect of the
other variables on these measures of confidence. Finally, multiple regression
was also used to repeat the analysis of Sanderson and Donoghue (1989),
which examined the effect of these variables on the consistency index (Ta-
ble 7). Unlike in Sanderson and Donoghue (1989) no attempr was made to
factor out the effect that autapomorphies tend to inflate CI. The RI provides
an index that is corrected for this (see Archie 1996), and a strong case can be
made that an index of homoplasy per se, such as the CI, should in facr
include autapomorphies (Goloboff 1991b).

RESULTS

The summary statistics reveal several interesting differences among the three
different kinds of data. RFLP data sets have the highest average Cls and Rls,
the largest number of most parsimonious trees, and the lowesr average level
of resolution in any given minimal tree. Sequence data sets have the highest
bootstrap support levels for the By, startistic, and they are abour tied with
RFLP studies for the B, statistic. They also have the greatest resolution.
Morphological data sets have the lowest bootstrap support, but their reten-
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TABLE2 Summary Statistics Classified by Type of Data
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DNA

Statistic Morphological RFLP sequence
N 50 29 22
No. of characters

Mean 338 86.8 606.4

Minimum 10 10 17

Maximum 92 in 2226
No. of taxa

Mean 16.8 259 21.8

Mimimum 5 (] 6

Maximum 56 68 43
Consistency index (Cl)

Mean 0.67 0.77 0.68

Minimum 0.30 0.38 0.51

Maximum 1.00 1.00 0.92
Retention index (RI)

Mean 0.74 (.88 .69

Minimum 0.45 0.67 0.36

Maximum 1.0 1.0 0.94
No. of minimal trees

Mean 335 499 30.5

Minimum 1 1 1

Maximum 2500 250+ 250¢
Resolution (CF1)*

Mean 0.92 0,72 0.95

Minimum 0.53 0,25 .65

Maximum 1.00 1.00 1.00
By,

Mean 0.41 0.48 0.55

Minimum 0.07 0.22 0.11

Maximum 0.85 0.84 0.80
B

Mean 0.90 0.99 0.98

Minimum 0.56 0.90 0.66

Maximum 1.00 1.00 1.00

* Maximum set by MAXTREES option during PAUP runs.
b Normalized consensus fork index (see Swofford 1991).

tion indices are higher than those for sequence data sers. These findings hint
at complex and subtle differences among different classes of dara, which
sample size may not have allowed us to detect in earlier work (Sanderson
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TABLE 3 Partial Correlation Coefficients for Variables Surveyed
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No. No. No. Resolution

Variable Cl  characters  taxa trees B B, RI (CFI)

Cl 0.308 —-0.679 0.187 0.007 0,170 0.619 —-0.367
NChars 0.325 -0.082 0.195 0.197 ~0.463 0.046
Nraxa 0.546 0.116 0.077 0.361 0.394
Nirees 0.033 -0.234 -0.039 0.206
B, 0.303 0.202 -0.076
By, 0.202 0.529
Rl -0.238

Resolution

and Donoghue 1989). Significance of these differences is tested in regression
analysis (see below).

Partial correlation analysis reveals the association of pairs of these vari-
ables. The highest partial correlations are found between CI and number of
taxa (—0.67), berween Cl and RI(0.61), berween number of taxa and num-
ber of minimal trees (0.55), and berween degree of resolution and B, (0.53).
A more syntheric view of the relationships among the variables is provided
in a principal components analysis (Table 4 and Fig. 1). Plotted in the space
of the first three principal components are the data points and vectors rep-
resenting the directions in this space of the the original variables, measured
as deviations from the mean. For example, the axis for CI points from the
population mean to a point one standard deviation away in the positive

TABLE4 ComponentLoadings for First Five Principal Components
of Variables Surveyed

Component Component Component Componernt Component
1 2 3 4 5
Eigen value 2.3226 2.0250 1.6027 0.7282 0.5634
Percentage 29.0327 25.3130 20.0342 9.1026 7.0422
CumPercent 29,0327 54.3457 74.3799 §3.4825 90.5247
Eigenvectors
Cl 0.5193 -0.3057 -0.0439 -0,2011 0.3998
NChars -0.1771 -(.0519 0.5507 -0.7408 0.2084
Nraxa 0.0330 0.5864 0.3025 00634 -0.1324
Ntrees 0,0322 0.5502 0.1682 0.2401 0.6369
B 0.2805 -0.0132 0.5663 0.1742 0.5196
By 0.0306 -0.4299 0.4804 0.3742 0.1955
RI 0.6066 =0.0077 0.0114 0.1619 0.1113
Resolution ~0.4990 ~(.2685 0.1514 0.3904 0.2296
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x x Bsa
L B

NChars

Resolution

FIGURE 1 Principal component analysis of eight variables listed in Tables 3 and 4. Open
squares are morphological data sets; crosses are DNA sequence dara sets; closed squares are
RFLP data sets. Plot was originally a three-dimensional plot of the first three principal compo-
nents (Table 4), standardized so that each axis has the same standard deviarion. The arrows
represent vectors corresponding 1o a deviation of one standard deviarion above the popularion
mean for that variable, all others held constant. The graph is a projection of the original three-
dimensional graph inte two dimensions. Six of the eight variables have strong components in
this plane; the other two, number of taxa and number of trees, are more or less perpendicular
to the plane of the paper. Correlation among variables corresponds roughly to similariry in
direction of vectors.

direction, all other variables being held constant. Variables with arrows in
more or less the same direction are highly correlated. CI and RI are highly
correlated, and this graph has the two measures of bootstrap support at
roughly right angles to the measures of homoplasy, indicating poor associa-
tion. Interestingly, degree of resolution is almost 180 away from the two
measures of homoplasy, indicating that studies with high Cls or Rls tend to

TABLES5 Multiple Regression Analysis® of B,

Sowurce No. params. dF Siem of squares F ratio Prob=F
Data tvpe 2 2 0.2057 5.3576 0.0063
[ 1 1 0.0293 1.5288 0.2194
MNChars 1 1 0.0478 2.4931 (L1178
Mraxa | 1 0.0024 0.1265 0.7229
Ntrees 1 1 0.0765 3.9857 0.0488
RI 1 1 0. 1385 7.2172 0.0086
Resolution 1 1 0.8396 43.7233 0.0000

“For 101 observations: #* = 0.4900. Whole model ANOVA F ratio = 11,0495 (P < 0.0001).
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TABLE6 Multiple Regression Analysiseof B,

Source No. params. dF Sum of squares F ratio Prob=F
Data type 2 2 784,9901 5.3164 0.0065
cl 1 1 29939 0.0406 0.8408
NChars 1 1 118.0663 1.5992 0.2092
Nraxa 1 1 247098 0.3347 0.5643
Nrrees 1 1 0.357 0.0048 0.9446
Rl 1 1 5548130 7.5151 0.0074
Resolurion 1 1 121.9801 1.6522 0.2019

“For 101 observations: #* = 0.32366. Whole model ANOVA Fratio = 5.5034 (P < 0.0001).

have low resolution. The figure clearly shows that this effect is most pro-
nounced for RFLP studies, and that those same studies with high Cls tend to
have just average bootstrap support. The differences in CI and bootstrap
support noted earlier between types of data can also be observed in this plot.

Multiple regression analysis (Tables 5 and 6) provides estimares of the
significance of components in these associations. Both B, and B, depend
strongly on the type of data and the retention index. Neither of them depends
on CI, the number of characters, or the number of taxa. In addition, B,
depends on both the number of most parsimonious trees and the degree of
resolurion, whereas B,,,, does not. Although overall significance of both
madels is high, the amount of the variation explained is only 50% in the case
of B, and considerably less than that in the case of B,,.. Clearly, other
factors in these data sets must explain the remaining variation in bootstrap
Support.

TABLE7 Parameter Estimates in Multiple Regression Analysis of CI
on Variables in Survey*

Term Estimate Standard error ! ratio Prob=li|
Interceprt 04223 0.1065 3.97 0.0001
Data[RFLP-seq| -0.0123 0.0176 -0.70 0.4849
Data|morph-seq] 0.0263 0.0159 —1.65 0.1017
MNChars* 0.00007 0.00008 0.95 0.3460
Ntaxa ~ (L0081 0.00093 —8.80 0.0000
Nitrees 0.00027 0.00015 1.80 0.0757
Rl 0.7980 0.08351 2.56 0.0000
Resolurion -0.2087 0.06524 —-3.20 0.0019

“For 101 obscrvations: r* = 0.7581.
PFour sequence records excluded: these had over 1000 characters in their matrices, and
when included lead to a marginally significant effect due to characters.
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Multiple regression analysis of CI on various factors other than bootstrap
support (Table 7) reconfirms the main findings of Sanderson and Donoghue
(1989). CI depends markedly on the number of taxa (P < 0.001), but not on
the number of characters (but see footnote to Table 7), the number of most
parsimonious trees, or the type of darta. It also depends on Rl and on the
degree of resolution; neither factor was included in our previous analysis.
Oddly enough, the direction of the dependence of CI on degree of resolution
is negative, meaning that homoplasy is correlated with level of resolution.
Although one might predict that highly resolved cladograms would show
low homoplasy, in fact, the reverse is true; the pattern is swayed by many
studies that are very poorly resolved and therefore have high Cls. We believe
that this is partly explained by the fact thar these studies have fewer “effec-
tive” taxa than it appears, owing to large polytomies The polytomies arise
because many of the taxa are actually indistinguishable on the basis of the
characters in the matrix. The retention index is less sensitive ro this phenom-
enon (see Table 3).

L
DISCUSSION

If it is agreed that the consistency index is the best measure of homoplasy per
se; then these results suggest that homoplasy and confidence are decoupled.
CI has no influence on either measure of bootstrap support for a tree. Table
1 includes numerous studies in which bootstrap support is high but Cl is low
and vice versa, which contradicts the conventional notion that the level of
homoplasy has a substantial bearing on confidence in the associated phylo-
genetic hypothesis. This suggests that regardless of the amount of homoplasy
observed in a data set, it has often proven possible to reconstruct trees with
a requisite level of robustness. That this is true independent of the number of
taxa in a data set should be some encouragement to investigators studying
large and highly homoplastic clades.

This result apparently contradicts other findings that the level of homo-
plasy correlates directly with accuracy (not confidence) in the tree. For ex-
ample, Archie (1996) reports results from simularion studies that show that
accuracy of the tree estimate does indeed improve with lower levels of ho-
moplasy. Although condidence and accuracy need not be the same thing,
they should not be completely uncoupled. We suspect that the discrepancy
arises from the different contexts in which homoplasy is being examined in
a simulation versus a “meta-analysis.” In a simulation, all results are condi-
tional on a given model of evolution. Conditional on that model, the accu-
racy of tree estimation probably depends on the rate of evolution and thereby
the level of homoplasy. In a survey such as ours the results are conditional
not on a given evolutionary model but on a given survey sampling scheme.
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Nothing about our sample survey methodology can guarantee that there is
anything approaching a common model of evolution underlying all 101 data
sets. The factors that do impinge on the issue of confidence in this survey
emerge despite the vagaries of sample design and bias. The effect of the level
of homoplasy may simply be too weak in the face of ordinary systematic
pracrice (as mimicked by our survey design) to exert much influence on
bootstrap values. Recall that even with seven independent variables we can
explain at best only half the variation in bootstrap levels.

One result that was nor entirely unexpected was the finding that some
variables were influenced significantly by the type of data. Our earlier study
had found no effect of type of data on level of homoplasy (CI), but the
sample size for the molecular studics was small. The present, much larger
analysis, also finds no effect on CI but the type of data does evidently affect
bootstrap confidence levels, Sequence data are the “best” and morphological
data the “worst” according to the bootstrap tests. The point of the present
paper is not to examine the relative reliability of molecular versus morpho-
logical dara, but we feel compelled to point out that our results can be viewed
from at least two perspectives. One perspective would view our finding that
molecular dara sets have higher boorstrap values as confirmation of the view
that molecular data are better than morphological data. However, morpho-
logical dara are “nearly” as reliable as molecular data, and are usually con-
siderably less expensive to obtain. This leads inevitably into consideration of
the cost/benefit ratio measured in something like dollars per bootstrap per-
centage point.

Moreover, it is also clear that the overall resolution of individual maxi-
mum parsimony trees is worst for one class of molecular data, RFLP studies.
This is a curiosity that remains to be explained adequately. Perusal of the
trees obrained from chloroplast RFLP studies suggests that they are qualira-
tively different from trees obtained in either morphological or DNA sequence
studies. They regularly contain one or more large polytomies, sometimes
entailing 20-50% of the taxa. Morphological and sequence studies often
have unresolved regions burt they are rarely so unresolved as many RFLP
studies. Whether this reflects an intrinsic bias in character “choice™ in RFLP
studies relative ro other data or real differences in underlying evolutionary
process is unknown. Even though individual trees from RFLP studies are the
least resolved of the three kinds of dara sets, it is important to note thart the
average resolution of the bootstrap majority rule trees (i.e, as measured by
B;,) is still higher than those for morphological dara sets.

This apparent contradiction might be explained as follows. Lack of reso-
lution in individual most parsimonious trees (the factor surveyed as “Reso-
lution™ in this study) is probably due to either too few synapomorphies
across the board or a very uneven distriburion of synapomorphies among
clades. Either would cause some taxa to be scored identically. Low resolution
of the bootstrap majority rule tree can be due to this factor, 1o, which is
why level of resolution and B, are highly correlared (Table 3), but bootstrap
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resolution also reflects conflicting signals in the data owing to real character
conflict. Thus, the bootstrap support values for RFLP studies may stem from
lack of resolution due to the distribution of synapomorphies, whereas the
somewhat lower bootstrap support values for morphological studies may
just reflect real noise obscuring the phylogenetic signal.

In sum, we conclude that the conventional view that confidence is directly
related to the level of homoplasy in a data set is not supported by available
data from phylogenetic studies. The consistency index is a measure of ho-
moplasy, not robustness. The implication of this is thar homoplasy and con-
fidence are two separate issues—not completely independent perhaps, espe-
cially in carefully controlled simulation experiments—bur effectively so in
real data sets,

 —
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