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Siddall (1996) claimed that (1) the num-
ber of internal nodes in a cladogram () is
correlated with tree balance (Heard'’s
[1992] index of imbalance, Im), (2) Huel-
senbeck’s (1994) stratigraphic consistency
index (SCI) is correlated with the recipro-

cal of n (Siddall, 1996: fig. 1), and (3) SCI
is therefore correlated with Im (Siddall,
1996: fig. 6).

Siddall tested these assertions with a da-
tabase of 14 cladograms taken from Huel-
senbeck’s (1994) original SCI analysis and
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found a highly significant relationship be-
tween SCI and Im. He concluded that the
SCI ““can be used neither as an unbiased
summary statistic of stratigraphic fit nor as
an alternative optimality criterion’” (Sid-
dall, 1996:115).

The SCI is the only stratigraphic index
that has been explicitly mathematically an-
alyzed for biases caused by tree balance.
There are two other commonly used indi-
ces, the relative completeness index (RCT;
Benton and Storrs, 1994, 1996; Benton,
1995; Benton and Simms, 1995; Benton and
Hitchin, 1996) and the Spearman rank cor-
relation (SRC; Norell, 1992, 1993; Norell
and Novacek, 1992a, 1992b), and we tested
these along with the SCI for correlation
with tree balance. We used a larger data-
base (357 published cladograms) than Sid-
dall’s to test the validity of his claims 2 and
3, i.e., the relationships between SCI and n
and between SCI and Im.

METHODS AND MATERIALS

Our data set contained 357 trees, of
which 120 were for fishes, 175 for land ver-
tebrates, and 62 for echinoderms. The data
produced are heterogeneous and could be
analyzed as a whole. However, they are
separated into taxonomic groups that re-
flect underlying differences in life environ-
ment (terrestrial/ aquatic) and classification
(vertebrate/invertebrate). These groupings
follow previous work in this field (Benton
and Simms, 1995, Benton and Hitchin,
1996; Hitchin and Benton, 1997). The clado-
grams were extracted from published cla-
distic analyses and were used in a pectinate
form for the SRC test but in a full form for
the SCI and RCI tests.

Methods of cladogram manipulation for
polytomies and the measurement of Im
followed Heard (1992) and Siddall (1996).
All cladograms with polytomies were re-
moved from the analysis (thus reducing
the data set from the original 376 clado-
grams; Benton and Hitchin, 1996) because
polytomy reduction can affect the resul-
tant SCI and Im results.

Tree balance was measured by Heard’s
(1992) index of imbalance (Im):
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FiGURE 1. Distribution of Im values in the data set.

Fishes: ¥ = 0.78, SD = 0.02. Land vertebrates: ¥ =
0.63, SD = 0.02. Echinoderms: £ = 0.62, SD = 0.05.
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Im = 2 (n— 1)n — 2)/2

where T, = number of terminal taxa sub-
tended to the right of the node, T, = num-
ber of terminal taxa subtended to the left
to the node, and n = number of terminal
taxa.

The index results range from 0 in a sym-
metrical or balanced cladogram to 1 in a
completely pectinate (imbalanced) clado-
gram. The outgroup node was not includ-
ed in the calculation of Im to match the
method of SCI calculation.

The SCI, SRC, and RCI are used in their
logarithmically transformed form to avoid
the problem of raw data variances being
correlated with the means.

CONSISTENCY AND BALANCE

Siddall’s (1996) first assertion is that Im
decreases with increasing number of ter-
minal taxa (n). For any given number of
taxa, there is a finite number of possible
tree topologies, which increases dramati-
cally with increasing n (Mooers, 1994). For
example, for n = 3, there can only be one
fully imbalanced topology. For n = 5, three
distinct unbalanced topologies can be
formed, but only one of these is fully im-
balanced (pectinate) and the other two
show some degree of symmetry. For n =
6, six topologies are possible; again only
one is completely imbalanced, and the oth-
er five show varying degrees of symmetry.
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" FIGURE 2. Relationship between n and SCI. [] = un-
modified data; X = modified data; A = Siddall’s data;
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ified data best fit line; heavy line = Siddall’s data best
fit line. Siddall’s data were plotted for comparison and
were not used in the calculation of the relationship. (a)
Fishes. (b) Land vertebrates. (c) Echinoderms.

Thus, the amount of balance (i.e, a de-
crease of Im) should increase with a great-
er number of nodes, an expectation that is
fulfilled by the logarithmic decrease of the
expected value of Im with an increase in
71, assuming a Markovian null model (Sid-
dall, 1996: fig. 5). The validity of this first
process in Siddall’s correlation of SCI and
tree balance is not in doubt.

Siddall’s second and third premises de-
pend upon each other: if SCI is correlated
with 1/n, then it is inevitable that SCI is
correlated with Im. However, the validity
of the relationship with # is in doubt, even
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FIGURE 3. Relationship between n and RCI. [J =
unmodified data; X = modified data; — - — = unmod-
ified data best fit line; = modified data best fit
line. {a) Fishes. (b) Land vertebrates. {c) Echinoderms.

though Huelsenbeck’s data set showed a
relationship between SCI and n of r =
—0.597 and P = 0.022. Because of this
doubt, the relationship between SCI and
Im is also in question.

RESULTS

Distribution of Im Values through the
Data Set

Of the fish cladograms tested, 48% had
an Im value of 1, showing that they had a
perfectly pectinate structure (Fig. 1). No
cladograms showed a perfectly balanced
structure; the lowest value was 0.11.

The land vertebrate and echinoderm
data sets both had one cladogram that was
fully balanced. However, 24% of the land
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vertebrate cladograms were fully pectinate,
whereas only 18% of the echinoderm
cladograms showed this imbalanced state

' (Fig. 1).

Relationship between Strdtigruphic
Indices and n

In the plots of our 357 cladograms, no
significant relationships were found, in
contrast to Siddall’s strong negative rela-
tionship (Figs. 2-5; Table 1). The In(SCI),
In(RCI), and In(SRC) showed no signifi-
cant relationship at a 95% significance level
with any of the subsets tested.

@ 1
0.8 +
S 08
[72]
04 +
02

(®) 1
08

SCi

06
04
0.2

©1

FiGURE 5. Relationship between Im and SCIL [] =
unmodified data; X = modified data; A = Siddall’s data;
—-—- = unmodified data best fit line; light line = mod-
ified data best fit line; heavy line = Siddall’s data best
fit line. Siddall’s data were plotted for comparison and
were not used in the calculation of the relationship. (a)
Fishes. {b) Land vertebrates. (c) Echinoderms.

Relationship between Stratigraphic
Indices and Im

Siddall (1996) claimed a positive relation-
ship between SCI and Im, with a signifi-
cance of P = 0.002. In our more extensive
plots, we found a significant relationship
between In(SCI) and Im for echinoderms
(Fig. 5; Table 2), although the correlation
was negative (r = —3.78, P = 0.019). All
other plots of In(SCI), In(RCI), and In(SRC)
with Im gave nonsignificant positive cor-
relations (Figs. 5-7; Table 2).
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TABLE 1. Summary statistics for the relationships between stratigraphic indices and 7.

In(5CI) In(RCD) In(SRC)

Group r P r P 4 P
Fishes -1.8 0.062 —0.45 0.684 —0.45 0.707
Land vertebrates 5.0 0.660 3.0 0.051 0.0 0.424
Echinoderms 13.0 0.019 10.3 0.064 3.8 0.069

DiscuUssION imbalance truly is an evolutionary phe-
Distribution of Im Values through the nomenon or simply is a by-product of the
Data Sets selection of taxa.

The set of published cladograms of all
three groups of organisms used here were
biased towards imbalance, with the fishes
showing the largest percentage (48%) of
totally pectinate trees. Both land verte-
brates and echinoderms had between 20%
and 30% totally pectinate trees, with a rel-
atively large number of trees showing an
Im value of 0.3-0.6. Fishes had relatively
few cladograms with an Im of <1.-

This preponderance towards pectinate
trees, especially for large cladograms, has
been noted several times (Guyer and Slow-
inski, 1991; Mooers, 1994) because tree
shape can give insights into the forces that
shape the phylogenies. However, there are
several ways in which the production
method of the cladogram can bias the re-
sulting topology, one of the most impor-
tant being completeness of the tree (ie,
whether a full monophyletic group is pre-
sented) (Mooers, 1994). Also, the prepon-
derance noted may have been caused by
error. When there is an error in the phy-
logenetic method, more trees are produced
that are asymmetric relative to the expec-
tation under a random branching (Markov-
ian) model of cladogenesis (Huelsenbeck
and Kirkpatrick, 1996).

In further study of this data set, we will
attempt to elucidate whether this pattern of

Tree Balance and Stratigraphic Indices

We cannot confirm Siddall’s finding of a
strong correlation of SCI or RCI with either
n or Im. Siddall may have uncovered spu-
rious relationships between SCI and n and
Im because of the small size of his tested
sample of cladograms. There is also little
evidence for a correlation of SRC with n or
Im, although the SRC value for a clado-
gram can be influenced by the number of
nodes contained within the cladogram
(Norell and Novacek, 1992a, 1992b; Hitch-
in and Benton, 1997).

One use of the SCI is as an optimality
criterion for resolving series of equally
parsimonious trees, but this scenario is not
analyzed here. Tree balance, discussed by
Siddall (1996), is probably a problem when
the SCI is used in this way because the
preferred tree is often imbalanced
(Mooers, 1994). Thus, it is important to no-
tice tree balance when using the SCL

However, Siddall (1996) also commented
that his postulated links between SCI and
n and Im weaken the suitability and utility
of the index as a descriptive statistic. We
suggest, however, that this relationship
does not exist, at least within our larger
data set of cladograms of land and aquatic
vertebrates and invertebrates. The SCI

TABLE 2. Summary statistics for the relationships between the stratigraphic indices and Im.

) In(SCT) In(RCT) In(SRC)
Group r P r P r P
Fishes 0.0 0.842 -0.6 0.524 -16 0.184
Land vertebrates -03 0.461 -0.8 0.323 0.32 0.760
Echinoderms -0.9 0.576 -0.9 0.589 1.1 0.556
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seems the best available statistic for mea-
suring the fit of observed stratigraphy and
estimated phylogenies, and the use of SCI
should be promoted, although caution is
advised because of other biases of the test
(Hitchin and Benton, 1997). In the same
way, the use of RCI should not be compro-
mised by any suggestion of a possible bias
of tree balance but should be promoted for
use in describing the completeness of the
fossil record for estimated phylogenies.
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Upon reading Huelsenbeck’s (1994) pa-
per describing the stratigraphic consisten-
cy index (SCI) and inspection of the SCI
values he had obtained for 14 data sets
(Huelsenbeck, 1994: table 1), I noted that
there seemed to be a negative relationship
between SCI and the number of taxa or
number of nodes (n). Insofar as the global
consistency index (Kluge and Farris, 1969)
was already known to exhibit a size bias,
I thought it reasonable to investigate this
same possibility in relation to the SCI. In
so doing, I reported (Siddall, 1996) that
Huelsenbeck’s 14 trees showed a strongly
negative relationship between SCI and
number of taxa, and I postulated that this
relationship likely had something to do
with expectations of imbalance for data
sets of increasing numbers of taxa. This
suggestion seemed to be reasonably well
corroborated in that there was a stronger
relationship between SCI and Heard’s
(1992) index of imbalance (Im) than there
was between SCI and number of taxa (Sid-

dall, 1996: fig. 5). In light of my having
outlined the logic as to why there might be
a balance bias for the SCI (Siddall, 1996:
figs. 2—4), I suggested that its use as an
alternative optimality criterion (Huelsen-
beck, 1994) was specious.

Benton and Hitchin (1996) revisited the
issue of goodness of fit between the fossil
record and cladograms with their relative
completeness index (RCI). Moreover, they
have examined the behavior of the RCI, the
SCIL, and the Spearman rank correlation co-
efficient (SRC) approach (Norell and No-
vacek, 1992) in relation to hundreds of data
sets (Hitchin and Benton, 1997). These au-
thors concluded that they ““cannot confirm
Siddall’s finding of a strong correlation of
SCI ... with either n or Im” and further
argued that the “SCI seems the best avail-
able statistic for measuring the fit of ob-
served stratigraphy and estimated phylog-
enies, and the use of SCI should be promoted”
(Hitchin and Benton, 1997:567-568, empha-
sis added). It is difficult to anticipate how





