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Abstract.—The conditional probability of reconstruction is a measure of the robustness of cladogram
internodes and, unlike Bremer support and bootstrapping values, directly gauges probability. The
new method compares the three putative branch lengths (the optimal and two alternatives) obtained
through branch recalculation after nearest neighbor interchange and recalculation under constraint.
With rooted trees, one switches the two free lineages attached at the distal end of an internal branch
with the basal lineage. Probabilistic reconstruction of a branch for small data sets (e.g., morphological)
is de�ned as having no contrary support for the two alternative branches and, when suf�cient data are
available (e.g., molecular studies), as meeting a selected con�dence limit in chi-squared analysis. The
exactprobability that the internal branch is reconstructed is the sameas the preselected con�dence level
metwith chi-squared analysis;alternatively, it is a simple calculation of the length of theoptimalbranch
divided by the sum of the lengths of all three putative branches.This new measure of robustness allows
calculation of summary probabilities of subclade and tree reconstruction. The measure is conditional
on a particular data set and optimization method but may also compare support from con�icting
gene trees. Examples are provided by a morphological data set (the bryophyte Didymodon) and a
molecular data set (primates). [Branch length; chi-squared; Didymodon; multiple gene trees; primates;
probabilistic reconstruction; support]

Although optimality methods maximize
phylogenetic information, such information
may be con�icting or (in the case of mor-
phological data) paltry, and relative support
for the optimal versus alternative but some-
what longer trees is not easily measured.
Parsimony methods clearly eliminate grossly
unreasonable trees in terms of total length,
but generally an additional support mea-
sure is necessary to distinguish the optimal
tree from the many reasonable but less op-
timal solutions if the result is to be useful
and reliable (Zander, 1998a). The methodol-
ogy of parsimony analysis allows measure-
ment, in terms of length, of alternative inter-
nal branches that are suboptimal to those in
the shortest tree—the shorter the alternative
branches (the fewer the putative synapomor-
phies), the less the contradiction to the op-
timal branch. In recent literature, measures
of support for internal branches are gener-
ally limited tobootstrapping(BS) andBremer
support (BR; the decay index). These, how-
ever, are not the familiar con�dence values or
probability measures of other biological dis-
ciplines and are dif�cult to interpret as mea-
sures of reliability of the reconstruction.

The number of alternative branches to be
assayed for con�ict may be reduced by de-
composing a cladogram into a set of triplets
of alternative positions of subclades arising

from any one internal branch (internode),
the unrooted four-taxon tree being the sim-
plest, most general case of this. In particular,
in a rooted tree, the three free subclades of
any internal branch may be interchanged un-
der constraint, switching either of the two
that terminate the internode with that at
the base of the internode. To recalcu-
late branch lengths by this nearest neigh-
bor interchange, one may either use con-
straint trees with a parsimony program
such as PAUP (Swofford, 1998) or simply
move branches in MacClade (Maddison and
Maddison, 1999) with the same optimiza-
tion settings. Recalculation thus results in
three branch length values that may be com-
pared: the length of the optimal internode
in the shortest tree and the lengths of the
two alternative internodes. Here I advance
the rationale that if the two closest alter-
natives (i.e., the most reasonable for that
optimization) to the optimal internode are
found to have no statistically signi�cant con-
�ict with the optimal branch, the optimal
branch may be considered a probabilistic
reconstruction—given that particular data
set, optimality method, weighting, and other
assumptions—and is thus a “conditional” re-
construction. This also avoids multiple-test
problems, in that randomly distributed “bet-
ter” alternatives to the optimal branch can
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often be found if enough searching is done. In
effect, this method evaluates the relative ro-
bustness of a number of different trees equal
toone more than twice the number of internal
branches in the optimal tree and is a method-
ological alternative to evaluating either a set
of trees some n steps longer than the optimal
tree or subsampling iterations the whole data
set.

Although in the calculation of optimal-
ity the characters and portions of trees are
not independent (Pamilo and Nei, 1988;
Lyons-Weiler and Takahasi, 1999), when us-
ing constraint trees to con�ne analysis to
one internal branch, the variables, even when
somewhat stochastically dependent, may be
considered functionally independent (see
Mikhail, 1976:15). For each internode, the
three branch lengths obtained from reanal-
ysis after nearest neighbor interchange may
be evaluated as evidence of phylogenetic re-
lationship, each step (re�ecting any prior
weighting) being of equal evidence. If the
branch lengths are identical, the probabil-
ity of correct choice of a reconstruction is
one-third, given all other assumptions. If one
branch is somewhat longer than the two
alternatives (in terms of numbers of puta-
tive synapomorphies), a simple proportion
of the branch length in the optimal tree di-
vided by the sum of all three branch lengths
(i.e., Bayes’ formula with uniform priors)
provides a probability measure. If the data
are many, the standard chi-squared test may
be used instead. The chi-squared statistic can
be used to test goodness of �t, that is, to de-
termine whether the observed frequencies �t
with what was expected in the null hypothe-
sis. The chi-squared test is nonparametric, in
that it does not assume any particular data
distribution, but is here used to test for the ab-
sence of a random generation of data at some
level of con�dence. Descriptions and justi�-
cations for this well-known test are found in
most statisticsmanuals (e.g., D’Agostino and
Stephens, 1987; Kendall et al., 1987).

By chi-squared analysis, the calculated
numbers of traits shared by the optimal
branch and the two alternative constraint-
generated branches may be determined as
being signi�cantly different or not from a
random distribution, in which the null hy-
pothesis (Ho) is that all three lengths are iden-
tical, based on a random probability distri-
bution, whereas the alternative hypothesis
(Ha) is that one of the lengths is longer, gov-

erned by a distribution affected by additional
shared ancestral characters.

If chi-squared analysis of the three values
demonstrates that the three branch lengths
are signi�cantly different from a random dis-
tribution, and a second chi-squared analysis
gives directionality to the method by demon-
strating that the lengths of the two shorter,
alternative branches are indistinguishable
from those in a random distribution (at some
previously selected level of con�dence), then
the internal branch is probabilistically recon-
structed at the signi�cance level attained by
the chi-squared test of the three alternative
branch lengths.

In all other cases, for example, relatively
large values for one or both of the shorter
alternative branch lengths or too few data
for chi-squared analysis, the probability of
branch reconstruction is calculated simply
as the length of the optimal internal branch
divided by the sum of the lengths of all
three branches, the basic Bayes formula (with
uniform priors) providing a genuinely di-
rectional measure of reliability. Given func-
tional independence, the optimal and two
constraint branch lengths can be viewed as
mutually exclusive and exhaustive (Maurer
and Ralston, 1991:457)evidence for phyloge-
netic relationships, and the lengths are thus
directly proportional to signal.

This same simple proportional method of
determining probability can also be used in
cases where the morphological data gener-
ate short branches in the optimal tree. There,
probabilistic reconstruction of an internal
branch requires zero support for both of the
two alternative constrained branches, given
the paucity of data. The exact probabilities
calculated for any internal branch by either
chi-squared or simple proportion are true for
that particular cladogram and that particu-
lar data set alone, because different branch
lengths will generally be obtained when us-
ing different trees, data, and optimality as-
sumptions (e.g., analysis under DELTRAN
or ACCTRAN) about the same set of termi-
nal taxa, hence the name conditional proba-
bility of reconstruction (CPR). Also, the mea-
sure does not (at present) enhance �nding the
most probable tree or best optimization set-
tings but merely gauges the reliability of the
tree at hand under the assumptions and data
involved.

A very short branch, or various non-
random processes, including convergence,
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long-branch attraction, parallelism, and
introgression (Templeton, 1986; Doyle, 1992;
Avise, 1994), would confound the phyloge-
netic signal, whereas lineage sorting (Pamilo
and Nei, 1988; Doyle, 1992; Hudson, 1992;
Moore, 1995; Maddison, 1996; Lyons-Weiler
and Milinkovitch, 1997) can produce false-
positive results for particular data sets for the
same taxa.

The CPR measure is modi�ed and ex-
tended from the method of comparing num-
bers of synapomorphies of different ar-
rangements of tree branches introduced by
Gouy and Li (1989), who compared chi-
squared values of branch lengths of 5.8S
rRNA sequences of Homo sapiens, Physarum
polycephalum, Thermus thermophilus, and Es-
cherichia coli in aneffort todemonstratediffer-
ences between various estimation methods.
Though less similar in method, compari-
son of alternative branch lengths has been
used previously; it has since been limited
to four-taxon (three and an outgroup) stud-
ies or applied to whole trees but not pre-
sented as a general method of evaluating
branch robustness. The nonparametric Tem-
pleton test (Templeton, 1987) involves differ-
ences in total tree length between constraint
trees and the optimal tree, assuming that
more recently evolved taxa have smaller dis-
tances (between character states) than do
more anciently evolved taxa. Pamilo and
Nei (1988) decomposed trees into three-
component trees to simplify comparison of
gene trees and species trees. Futuyma (1998)
pointed out that “fourteen synapomorphies
(including both deletions and base pair sub-
stitutions) unite chimpanzee and human
as sister groups . . . whereas only three sup-
port the hypothesis that chimpanzee and
gorilla are closest relatives . . . .” Patterson
et al. (1993) also compared mitochondrial
DNA (mtDNA) molecular characters of al-
ternative branches of Homo, Pan, and Go-
rilla “by presenting the putative synapo-
morphies . . . supporting each of the possible
groupings among hominids.” They used a
binomial test that supported the Homo–Pan
clade against Pan–Gorilla at a signi�cance of
P D 0:0011. Felsenstein (1988) computed the
signi�cance of hominid trio branch combi-
nations and found signi�cance at P D 0:05
if a clock was assumed but not otherwise.
Templeton (1986) summarized signed ranks
tests on mtDNA data for chimp–human–
gorilla relationships to arrive at no signif-

icant difference in the question of homi-
noid relationships. In the “triples distance”
of Critchlow et al. (1996), the number of sub-
clades of three taxa that are different between
two trees are used as a measure of the dis-
tance between them, an idea rather different
from that presented here. Other papers deal-
ing with alternative branches may be cited,
some using modi�ed BS methods, but none
is a direct probabilistic measure of internal
branch robustness suitable for general use.

To simplify analysis (although the method
doubtless can be extended to polytomies),
one should select a single fully resolved tree
from any set of equally parsimonious trees
by considering additional criteria such as
functional ingroup analysis (Watrous and
Wheeler, 1981),maximumlikelihood, or clus-
ter analysis (e.g., UPGMA). The product of
the probabilities of internal branches of sub-
clades or trees provides a summary probabil-
ity of reconstruction for lineages for that tree.

METHODOLOGY

To provide examples of CPR analysis of
support, a morphological data set (Zander,
1998b) and a molecular data set (Hayasaka
et al., 1988; included in PAUP¤ by Swofford,
1998) were selected. The primate molecular
data set, consisting of 12 taxa and 898 char-
acters, was analyzed with PAUP¤ (Swofford,
1998)with the following conditions: a branch
and bound search, gaps treated as miss-
ing, MulTrees in effect, unordered, under
ACCTRAN. The morphological data set of
23 taxa (22 of Didymodon plus Barbula un-
guiculata as outgroup), 20 characters, and
the methods for the original analysis of
the Didymodon study were as detailed by
Zander (1998b); and the work was replicated
with PAUP¤ with heuristic search, the tree-
bisection-reconnection (TBR) algorithm, un-
ordered, steepest descent not in effect, and
under ACCTRAN and MulTrees.

Two equally parsimonious trees were ob-
tained with the molecular data set, and the
greater likelihood was used as a basis for
choosing one (Fig. 1) of these two trees for
CPR analysis. Two trees differing in place-
ment of D. nicholsonii and D. sinuosus were
obtained with the Didymodon morphologi-
cal data set, and an optimal tree (Fig. 2)
was selected for analysis because it was
closest to the UPGMA result obtained by
Zander (1998b). For each data set, the internal
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FIGURE 1. Maximum likelihood tree of mitochondrial primate date set. The CPR value is given above the line.
Bootstrap/jackknife/Bremer support values are given below the line. Lengths of branches are not proportional to
steps.

branch lengths of the single optimal tree
obtained through these additional selection
procedures were calculated. In addition, the
molecularandmorphological trees were ana-
lyzed for comparative purposes with BS and
jackknife replicates by PAUP¤. The molecular
tree analysis used 500 replicates for each sub-

FIGURE 2. One tree of three maximally parsimonious trees from the Didymodon morphological date set se-
lected by best match to UPGMA. Barbula unguiculata is the outgroup. The CPR value is given above the line, and
bootstrap/jackknife/Bremer support are below the line. Where not given, bootstrap and jackknife are <0.50 and
Bremer support is 0. Lengths of branches are proportional to steps.

sampling procedure, whereas the morpho-
logical tree was analyzed by using PAUP¤’s
“faststep” searching (Mort et al., 2000) and
1,500 replicates for each procedure because
of the considerable computer time needed
for standard subsampling. BR was calcu-
lated with heuristic searches (TBR branch
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TABLE 1. Analysis of mitochondrial data set for primates. AB:AC:BC are optimal and two alternative interior
branch lengths, exact values in proportion. Signi�cance of AB,AC,BC is from chi-squared tests; signi�cance of
AB,BC is from tests against random distribution (tests for directionality). For CPR, 0.95 or better is a probabilistic
reconstruction.

Signi�cance (P)

AB:AC:BC AB,AC,BC
Internode lengths method AC,BC Calculation CPR BS JK BR

22–21 90:90:75 >0.05 >0.05 AB/ all values 0.353 1 1 11
21–20 60:37:30 0.005–0.01 >0.05 AB 0.995 0.83 0.81 4
20–19 79:20:20 <0.001 >0.05 AB 0.999 1 1 42
20–16 48:41:24 0.025–0.01 0.05–0.025 AB/ all values 0.425 0.99 0.99 12
19–18 32:11:11 <0.001 >0.05 AB 0.999 1 0.99 8
18–17 27:7:1 <0.001 >0.05 AB 0.999 1 1 12
16–15 37:24:18 0.025–0.01 >0.05 AB 0.972 0.88 0.87 4
15–14 51:16:12 <0.001 >0.05 AB 0.999 1 1 19
14–13 19:11:14 >0.05 >0.05 AB/ all values 0.432 0.51 0.53 0

BS, bootstrap proportion: JK, jackknife proportion: BR, Bremer Support (decay index).

swapping) to establish the tree lengths at
which branches collapse; the difference in
length between these trees and that of the op-
timal tree is theamountofBRfor each branch.

In bothmolecular and morphological anal-
yses, constraint trees were used to exchange
each of the sister branches terminating an
internal branch of the fully resolved tree
with the next more-basal branch. The lengths
of these two constrained internal branches
were obtained with PAUP¤, using heuristic
search with the morphological data set and
branch and bound searching with the molec-
ular set. In this way three branch length val-
ues were determined, one for the optimal
branch and two corresponding to the lengths
of the two alternative constraint-generated
branches (Tables 1 and 2). This was done for
each internal branch on the molecular and
morphological trees.

The two terminating sister lineages ending
an optimal internal branch are here conven-
tionally named A and B (reading from top
to bottom on Figs. 1 and 2), and the sister
group to A C B is identi�ed as C. The interior
branch lengths were labeled AB (for the
optimal internode terminated by the sister
groups A and B), and AC and BC for the
two constrained branches. The three branch
lengths, AB, AC, and BC, were analyzed
through a chi-squared (Lowry, 2000) test of
the null hypothesis that AB, AC, and BC
are equal, generated randomly, with 2 df.
A second test using 1 df and a con�dence
limit of 0.95 compared each combination of
two constraint-generated lengths to ensure
directionality of the test. CPR analysis of the

most basal interior branches used multiple
outgroups.

To clarify the constraint operation in de-
tail with the molecular example, two alter-
native constraint-generated branch lengths
were determined for the optimal internal
branch AB, the terminal sister groups for

TABLE 2. Analysis of morphological data set for the
moss Didymodon. AB:AC:BC are optimal and alternative
interior branch lengths, exact values in proportion. CPR
is calculated as AB divided by the sum of all three puta-
tive branch lenghts; a CPR value of 1 indicates no con-
�icting support from the two nearest (most reasonable)
alternative branches.

AB:AC:BC
Internode lenghts CPR BS JK BR

44–34 1:0:0 1 <0.5 <0.5 0
44–43 1:1:1 0.33 <0.5 <0.5 0
43–42 2:1:0 0.67 <0.5 <0.5 0
43–41 1:1:0 0.50 <0.5 <0.5 0
41–40 1:0:0 1 <0.5 <0.5 0
40–39 1:0:1 0.50 <0.5 <0.5 0
39–38 2:0:0 1 <0.5 <0.5 0
39–35 1:0:1 0.50 <0.5 <0.5 0
38–37 3:1:0 0.75 <0.5 <0.5 0
37–36 4:1:0 0.80 0.81 0.73 4
34–33 1:0:0 1 <0.5 <0.5 0
33–32 1:1:1 0.33 <0.5 <0.5 0
32–31 2:0:0 1 <0.5 <0.5 0
32–25 1:0:1 0.5 <0.5 <0.5 0
31–30 1:0:0 1 <0.5 <0.5 0
30–29 3:0:0 1 <0.5 <0.5 0
29–27 2:1:1 0.50 <0.5 <0.5 0
29–28 2:0:2 0.50 <0.5 <0.5 0
27–26 3:0:1 0.75 0.61 0.58 3
25–24 1:0:0 1 0.53 <0.5 0

BS, bootstrapproportion;JK, jackknifeproportion;BR, Bremer
support (decay index).
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which are (Homo Pan) in the optimal tree,
which includes ((Homo Pan) Gorilla). The two
alternative internal branches were AC, ter-
minated by (Homo Gorilla) in an alternative
tree modi�ed to ((Homo Gorilla) Pan), and BC,
terminated by (Pan Gorilla) in another alter-
native tree modi�ed to ((Pan Gorilla) Homo).
The operation is continued with the next
more proximal interior branch, and A is re-
assigned to subclade (Homo Pan), B becomes
Gorilla, and C becomes Pongo. Length was de-
termined (1) for optimal internal branch AB
terminating with the subclade ((Homo Pan)
Gorilla) in the optimal tree consisting of
(((Homo Pan) Gorilla) Pongo) and its alter-
native internal branch AC being the basal
branch of the subclade terminated by ((Homo
Pan) Pongo) in an alternative tree with
(((Homo Pan) Pongo) Gorilla) and (2) for
branch BC terminating with the subclade
(Pongo Gorilla) in an alternative tree modi�ed
to ((PongoGorilla) (Homo Pan)). Thus, through
these nearest neighbor interchanges, two al-
ternative lengths were determined for each
internode in a selected fully resolved tree.

Chi-squared analysiswasdone only for the
molecular data set because internal branch
lengths were too short for such analysis with
the morphological data set. Involvement of
a subjective element means the lowest ac-
ceptable numbers of expected values are
prescribed differently by different authors;
for example, by Cochran’s Rule, no pre-
dicted values (branch lengths if actually ran-
dom) can be <1 and not more than 20%
can be <5 (Sellers and Vardeman, 1982) or,
more commonly but more conservatively,
no predicted values can be <5 (Newmark,
1977). Probabilistic branch reconstructions
were identi�ed when the following two
criteria were met: Optimal branch lengths
(AB) were statistically signi�cant at the 0.95
level of con�dence against both constraint-
generated branch lengths (AC and BC),
and the two constraint-generated branch
lengths (the shorter lengths AC and BC)
were demonstrably indistinguishable from
a random distribution at the same level of
con�dence.

The second chi-squared test determines di-
rectionality of the chi-squared test of all val-
ues and evaluates the chance that the con-
�icting evidence of the constraint-generated
branch lengths may be discounted as theo-
retically resulting from stochastic processes.
If so, the CPR is then the same as the ac-

tual con�dence level attained by chi-squared
analysis of all three lengths. Yates’ correc-
tion for continuity (Spiegel, 1988) was not
used in this analysis, although it is often rec-
ommended for chi-squared calculationswith
1 df (here, the second chi-squared test) when
the estimated frequencies are low (5–10).
Not using Yates’ correction where it would
otherwise be appropriate slightly relaxes the
criteria for probabilistic reconstruction but
only by affecting the non-critical direction-
ality determination. For even lower esti-
matedvaluesof the two constraint-generated
branch lengths, an exact binomial probabil-
ity calculation (Lowry, 2000) may be used to
determine directionality: that is, what is the
chance of AC orgreaterout of AC C BC trials?

In all other cases (very short lengths, or
two long lengths, or all three lengths simi-
lar and not distinguishable from a random
distribution at the 0.95 con�dence level), no
theory excludes at any con�dence level ei-
ther the shortest alternative branch or both
shorter alternative branches from probabil-
ity calculations, and the CPR is necessarily
the simple proportion AB/(AB C AC C BC).
Although no positive identi�cation criteria
for a reconstruction are used, if one assumes
that evolution in fact occurred, then proba-
bilistic reconstruction may be evaluated in
this manner.

RESULTS

Molecular Analysis

From anatomical studies Futuyma (1998)
has postulated that the hominoids Homo
(man), Gorilla (gorilla), Hylobates (gibbon),
Pan (chimpanzee), and Pongo (orangutan)
were related as ((((Gorilla Pan) Pongo) Homo)
Hylobates). Molecular studies, however, have
demonstrated a very close relationship be-
tween Gorilla, Pan, andHomo (e.g., Goodman,
1963; Kishino and Hasegawa, 1989), espe-
cially between Homo and Pan (King and
Wilson, 1975). Various cladograms, most
agreeing in a terminal pair of Homo and Pan,
have been published (e.g., Miyamoto et al.,
1987,1988;Goodmanet al., 1989;Kishino and
Hasegawa,1989;Yang, 1994,1996;Yang et al.,
1995; Yang and Rannala, 1997) based on new
methods or additional molecular data, but
support for the alternative optimal solutions
presented are dif�cult to compare against
closely suboptimal solutions. Many studies
(summarized by Ruvolo et al., 1993) have
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produced evidence that Homo and Pan are
more closely related to each other than either
is to Gorilla.

The example data set analyzed here
demonstrates that for this data set, the rela-
tive phylogenetic positions of Homo, Gorilla,
and Pan are clearly doubtful because of con-
�icting evidence, though the three are almost
certainly reconstructed as terminal to the
hominoid clade. This also agrees with Felsen-
stein’s (1988) judgment that the nearly three-
way split of the Africa ape (Gorilla Homo Pan)
issue is far from resolved. The exact phylo-
genetic positions of Pongo and Hylobates are
well reconstructed.

Because of abundant data, the molecu-
lar data set allowed chi-squared analysis for
each branch. Six of nine internal branches
(66%) were probabilistically reconstructed
for this cladogram. By the multiplication
rule, the chance of all internal branches of
the entire tree (Fig. 1) being correctly cho-
sen from the three reasonable alternatives at
each branch is 0.063 under CPR. The chance
of Homo and Pan being correct is 0.432; the
chance of Homo, Pan, and Gorilla being a clade
is 0.999. The chance of hominoids (through
Hylobates) being a subclade, given this par-
ticular data and optimality method, is 0.178.
Templeton (1986), on the other hand, found
((Homo Pan) Gorilla) signi�cant at the 0.05
level in signed rank tests of mtDNA restric-
tion site data, but Kishino and Hasegawa
(1989), analyzing the mitochondrial data of
Brown et al. (1982), found no such signi�-
cance when using maximum likelihood and
no assumption of uniformity of evolutionary
rate. For additional likelihood and Bayesian
studies of this problem, see also Yang (1994,
1996) and Yang and Rannala (1997).

For the chi-squared level of signi�cance
values for the primate mitochondrial data set
(Table 1), lower values indicate less chance
of being a random distribution, where >0.05
means a <0.95 level of con�dence that dis-
tribution is nonrandom; all other values are
a >0.95 level of con�dence. Thus, probabilis-
tic reconstructions are assured for six inter-
nalbranches calculated at the 0.99con�dence
level, but three other internal branches are
doubtful.

None of the internal branches that are con-
sidered probabilistic reconstructions at the
0.95 level are contiguous. Because switch-
ing sister branches with a second more basal
internal branch presumably must be even

less probable than any of the three values
used in CPR estimation, given optimality,
then only when two less-than-probabilistic
branches are contiguous are more than two
alternatives for a branch in the optimal tree
possibly worth considering. Given the low
probability of reconstruction of these or any
poorly supported two or more contiguous
internodes, the problem can be ignored be-
cause reliably reconstructed internodes are
not affected, given the present de�nition of
probabilistic reconstruction, and multiplica-
tion of probability values provides an appro-
priate measure of doubt for the contiguous
internodes as a unit.

Morphological Analysis

The lengths of all branches in Figure 2
are proportional to steps. Eight of 20 inter-
nal branches (40%) are probabilistically re-
constructed in this cladogram. The chance
of all internal branches of the morphological
tree being correctly chosen is 0.000169. The
chance of the Didymodon sect. Fallaces sub-
clade (with a branch leading to Didymodon
leskeoides and D. tophaceus at its base) being
entirely correct at every node is 0.017; how-
ever, all species are present in the subclade
and two internal branches with CPR of 1 sup-
port the degree of nesting of this section of
the genus. The chance of the other major sub-
clade (with D. asperifoliusat itsbase)being en-
tirely correct is 0.031. Species from sect. Didy-
modon (D. anserinocapitatus, D. johansenii, and
D. rigidulus) form a subclade but have only
half a chance of correct reconstruction. Didy-
modon vinealis could join other species of sect.
Vineales if its branch were switched with that
leading to sect. Didymodon, easily imagined
given the CPR of 0.33. Section Asteriscium
(D. revolutus, D. australasiae, and D. umbro-
sus) is rendered terminal to species of sect.
Vineales; this may be due to long-branch at-
traction, possibly re�ected in the poor (0.50)
CPR value of the connecting internal branch.
In sum, details of the cladogram of inferred
evolutionary relationships in Didymodon are
adequate for classi�cation purposes but are
generally insuf�ciently reliable to guide evo-
lutionary and biogeographic study.

DISCUSSION

Several methods have been proposed to
evaluate support for individual branches
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of a parsimony tree—including the clade
stability index (Davis, 1993), random resam-
pling (nonparametric and parametric BS and
jackkni�ng) (Felsenstein, 1985; Sanderson,
1989, 1995; Zharkikh and Li, 1992, 1995;
Huelsenbeck and Hillis, 1996; Huelsenbeck
and Rannala, 1997; Flook et al., 1999), signed
rank test of branch order (Templeton, 1986),
the distance Hadamard analysis (Penny
et al., 1999); hierarchic signal (Faith, 1991;
Naylor, 1992; Lyons-Weiler et al., 1996),
and BR or the decay index (Bremer, 1988,
1994). Complete trees have been evaluated
by the permutation tail probability test
(Faith, 1991; Faith and Cranston, 1991), total
support tests (Källersjö et al., 1992), total
support index (Bremer, 1994), full Bayesian
Markov chain Monte Carlo analyses (Mau
et al., 1997; Yang and Rannala, 1997), and,
of course, the consistency index (Farris,
1989). Additional discussion and citations
are given by Huelsenbeck and Hillis (1996).
Beyond intuitive evaluations re�ected in
“accepted” or “uncontested” clades, which
are commonly used to select taxa to be
included in a data set or to test analytic
methods (Miyamoto et al., 1994; Miyamoto
and Fitch, 1995; Milinkovitch et al., 1996;
Rzhetsky and Sitnikova, 1996), two measures
of internode reliability or relative certainty
are commonly used in the literature: (1)
support from subsampling, including BS
and jackkni�ng, and (2) BR.

According to Felsenstein (1985:786), BS is
“a con�dence interval within which is con-
tained not the true phylogeny, but the phy-
logeny that would be estimated on repeated
sampling of many characters from the un-
derlying pool of characters.” This is clearly
begging the question. He suggested BS lev-
els of 0.95 or greater as necessary for signi�-
cance, though this is a rule of thumb and not
statistically based (according to Felsenstein
[1985], but may be very conservative accord-
ing to Zharkikh and Li [1995]). BS and the
similar jackkni�ng (e.g., as implemented in
PAUP¤) are especially problematic because
the entire pool of characters may be coarsely
heterogeneous, the “multiple tests” problem
discussed by Felsenstein (1985) may be op-
erative, and values commonly are not given
for branches of interest not on the shortest
tree. The universe of trees subsampled is only
that of shortest trees (which may or may not
include branches of trees somewhat longer
than the optimal), not the universe of the

shortest trees plus all trees some n steps of
interest longer.

BR has a similar problem. For morpholog-
ical data sets that involve many taxa and
few data, BR for internal branches can be
impressive. This breaks down with molecu-
lar data, however, because internal branches
may be much longer than their assigned BR
and length alone is not a measure of con�-
dence or robustness (Rice et al., 1997). For
instance, a branch terminating a tree may
have BR D 10 but be 30 steps in length. This,
therefore, allows for the possibility that an
alternative internal branch up to 20 steps in
length can position attached lineages differ-
ently. Oxelman et al. (1999) address addi-
tional problems with BS and BR.

Maximum likelihood (Yang, 1994, 1996;
Huelsenbeck and Crandall, 1997; DeBry,
1999; Pagel, 1999a) involves probabilities but
has the drawback that likelihood values gen-
erated for trees are already optimizations
(Nei, 1987; Yang, 1996). Thus, the likeli-
hood ratio statistic usually used to measure
support in maximum likelihood studies ap-
plies to nested models (DeBry, 1999), for ex-
ample, variants of the same trees such as
those comparing models involving molecu-
lar clocks and theoretically approximating a
chi-squared distribution. For instance, likeli-
hood values obtained from constraint trees
in the present study with the molecular data
for just Homo, Pan, Gorilla, and Pongo were
¡2216.89 for (((Homo Pan) Gorilla) Pongo),
¡2222.51 for (((Pan Gorilla) Homo) Pongo),
and ¡2225.22 for (((Homo Gorilla) Pan)
Pongo), results that cannot be interpreted sta-
tistically in terms of support for the trees of
maximum likelihood. Also, the ability to �t
the model apparently differs between var-
ious methods of calculation (Pagel, 1999b).
Eernisse and Kluge (1993) and Schultz and
Churchill (1999), among others, point out
that the �nal precision of maximum likeli-
hood estimation may be strongly affected by
guesswork associatedwith initial selection of
parameters, models, and alignments.

Markov chain Monte Carlo analysis (Mau
et al., 1997) provides posterior probabilities
for a set of trees, but these are merely relative
probabilities; though they add to “probabil-
ity one,” all trees with likelihoods too small
to be calculated have been eliminated and
their posterior probabilities may sum to a
value that places the tree of maximum pos-
terior probability (Yang and Rannala, 1997)
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below an acceptable level of con�dence. Both
maximum likelihood and Markov chain
Monte Carlo studies produce a tree that best
explains the data, but even if that tree hap-
pens to be demonstrably much better than
the second best tree, the datamaypoorly sup-
port certain branches.

Cladistic literature commonly describes
the results of parsimony or statistical analy-
sis as “approximating” or “converging on”
the true tree (e.g., Huelsenbeck and Hillis,
1996: 38). With CPR analysis, this may mean
either that many or most branches are proba-
bilistic reconstructions or that the calculated
probability of all branches being correctly
selected is very low, depending on whether
the bottle is presented as half empty or half
full. Prediction in systematics is generally
a case of betting on correct interpretations
of often poor and con�icting information
(Avise, 1994: 314; Philippe et al., 1996; Sites
et al., 1996; Seberg et al., 1997) about a single
historical event. Harper (1979) demanded
that for scienti�cally plausible models in
phylogenetic analysis, the probability of two
taxa sharing closer ancestry to one another
than to others in the group (given that the
two taxa share one or more uniquely derived
advanced character states and the others
do not) be >0.5. This minimal de�nition of
“probable,” however, applies only to long-
run frequency distributions in which predic-
tion, or at least winning a bet more often than
losing it, can be almost sure. In systematics, a
good bet on correctly reconstructing a single
historical happening is largely psychological
and must depend on whatever a scientist is
willing to lose when wrong. In the present
paper, the level of con�dence is set such
that an average of >19 of 20 probabilistic
reconstructions are estimated to be correct
interpretations of the data, thus requiring far
more evidence than merely a greater-than-
even bet for any one reconstruction.

When the probability of correctly distin-
guishing evolutionary synapomorphy from
apparent synapomorphy (Wiley et al., 1991;
Lyons-Weiler et al., 1996) is low in subclades
or trees, maximally predictive classi�cation
methods (e.g., cluster analysis) may be valid
alternatives to parsimony analysis. Maximal
predictivity (Gower, 1974; Sneath, 1989) is
something of a misnomer, meaning more di-
rectly maximal descriptiveness.

The CPR probabilities found in this study
often parallel BS (and jackkni�ng) values. In

Table 1, six of nine internal branches (given
the method, there is no calculable most basal
branch leading to the outgroup, which is why
trees are conventionally output by PAUP¤

with a trichotomy at the base) of the molecu-
lar tree have CPR and BS values that are rel-
atively proportional, either relatively high or
low, but con�ict is apparent for the remain-
ing three nodes. For node 22–21, CPR D 0.353
versus BS D 1; for node 21–20, CPR D 0.995
versus BS D 0.83; and for node 20–16, CPR D
0.425 versus BS D 0.99. In Table 2, for mor-
phological data, node 25–24 has CPR D 1 but
BS D 0.53; however, comparatively few data
are available per taxon and subsampling is
therefore not very informative. A similar
general matching of values is found when
using BR. CPR values for the molecular re-
sults (Table 1) are high for branches with
BR D 4, 8, 12, 19, or 42, but low for other
branches with BR D 0 or 12. For the mor-
phological results (Table 2), however, the two
high BR values of 3 and 4 are paired with
relatively low CPR values (0.75 and 0.80,
respectively).

This general similarity with familiar sup-
port measures, at least with molecular data,
may promote acceptance of a probabilistic
basis for branch support. Unlike other mea-
sures of branch support, CPR values can
be multiplied to arrive at a summary esti-
mate for probabilistic reconstruction of sub-
clades or the entire tree. CPR also may be
used with morphological data sets that are
commonly short on data and for which BS
and BR analysis may return support mea-
sures for very few branches. In the case of
two data sets for the same organisms, if data
sets that produce congruent optimal clades
are alone not probabilistically reconstructed,
the additive property of chi-squared analysis
(Hayes and Winkler, 1971; Spiegel, 1988)may
be applied: Chi-squared values and degrees
of freedom may each be summed and the sig-
ni�cance levels redetermined with the pos-
sibility of attaining the desired con�dence
level.

Internal branches whose optimal length
and two alternate lengths are together con-
sidered “indistinguishable from a random
distribution” may be considered as not ac-
tually con�icting with a contrary probabilis-
tically reconstructed branch generated from
a different data set (because they may be
treated as lacking information). The degree
of con�ict can be clearly appraised in other
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cases of incongruence. The CPR method may
be extended to trees generated by methods
other than parsimony, e.g., neighbor joining
or cluster analysis, by mapping state changes
under parsimony and constraint, then cal-
culating CPR, or it can be generalized onto
any method capable of calculating alterna-
tive branch lengths.

A recent meta-analysis by Satta et al.
(2000) surveyed data for 45 loci consisting
of 46,855 bp. The data sets were much in
con�ict with one another—23 loci support-
ing the ((Homo Pan) Gorilla) gene tree, 8 sup-
porting ((Homo Gorilla) Pan), 8 supporting
((Gorilla Pan) Homo), and 6 supporting a
(Homo Gorilla Pan) trichotomy. This incon-
gruence was attributed in part to differen-
tial sorting of gene and species phylogenies.
Recombination and genetic drift were de-
scribed as the cause of between- and within-
loci con�ict, and the authors found that a pre-
ponderance of data supported ((Homo Pan)
Gorilla) but gave no exact measure of the
reliability of this tree. A CPR analysis was
therefore done for this study under a null
hypothesis of equal numbers of confound-
ing incongruent gene trees for each of the
three tree hypotheses, tentative elimination
of the six loci that support a polytomy and
presumably demonstrate a lack of signal
rather than a true trichotomy, and a ratio-
nale that each gene tree is a single charac-
ter providing equal evidence of species phy-
logeny (Doyle, 1992; Slowinski and Page,
1999), such that any signi�cant difference is
due to the true species phylogeny. A con�-
dence level of 0.997 was found for ((Homo
Pan) Gorilla) for the proportion of 23:8:8 con-
�icting gene trees (values serving as an op-
timal and two alternative branch lengths).
Reducing the data to those loci with BS >
0.80 gave a proportion of 14:2:3 con�icting
gene trees, which resulted in a con�dence
level of 0.999 for the ((Homo Pan) Gorilla)
species tree, which is thus again probabilis-
tically reconstructed from the data given in
the above cited meta-analysis. A chi-squared
test with Yates’ correction (for the propor-
tion 8:8), and in the second case (2:3) an ex-
act binomial probability calculation, demon-
strated that the number of gene trees of
(Gorilla Homo) and (Gorilla Pan) are indis-
tinguishable from a random distribution at
the standard 0.95 con�dence level. Because
the null hypothesis involving the three val-

ues was always rejected, the six gene trees
reported in the original meta-analysis that
supported a polytomy are correctly disre-
garded as phylogenetically uninformative—
even though they were each supported at
BS D 1.00 according to the original meta-
analysis. These six gene trees also are not in-
cluded in the chi-squared analysis because
they do not constitute an exclusive statistical
category (or “bin”). These above conclusions
also imply that, short of this kind of meta-
analysis, the prior probability that any inter-
nal branch in a molecularly based cladogram
actually tracks species evolution rather than
a contrary gene lineage may be on the order
of 0.60—a disconcerting notion; much more
study is needed.

In sum, chi-squared analysis or, in other
cases, simple proportional probabilities of
correct selection of an optimal internal
branch against the two most reasonable alter-
native branches provides a generally appli-
cable support measure that allows identi�ca-
tionof probabilistic reconstructions.TheCPR
measure requires that probabilistic recon-
struction be de�ned as the optimal branch—
being either signi�cantly longer than the
immediate constraint-generated alternatives
whereas the alternative branches are not
themselves signi�cantly different from a ran-
dom distribution, or simply not contradicted
by immediate alternatives. It is conditional
on the data set and on all optimality cri-
teria. The CPR may be better than com-
monly used measures of branch robustness
because it involves a familiar measure of
expectation, uses standard con�dence lev-
els, is understandable to most scientists with
a basic grasp of statistics, can be multi-
plied to get a probabilistic measure of re-
construction of absolute branch order in
a lineage, and can deal with results from
multiple data sets in meta-analyses. Pos-
sibly CPR analysis may provide a means
of identifying a single best tree of many
equally parsimonious trees, based on search-
ing among these for the tree of maximum
probability.
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