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In 1993, Mark Chase and 41 coauthors
published phylogenetic analyses of two
very large data sets of nucleotide sequenc-
es of the chloroplast gene rbcL, which en-
codes the large subunit of ribulose 1,5-bis-
phosphate carboxylase. Their paper was
important for several reasons. These anal-
yses were (and still are) among the largest
ever attempted using parsimony. The as-
sembly of such a large number of sequenc-
es clearly demonstrated a high level of co-
operation on the part of the botanical
systematics community. Furthermore, a
number of important new hypotheses re-
garding seed plant phylogeny emerged
from this study, and it has helped to orient
many subsequent phylogenetic analyses.
Increasingly, the Chase et al. trees are be-
ing used in quantitative comparative anal-
yses. (e.g., Barraclough et al., 1996; also see
Donoghue and Ackerly, 1996, and associ-
ated papers).

We reanalyzed one of the Chase et al.
data sets for two reasons. First, we wanted
to explore the general methodological and
theoretical issues raised by very large data
sets. It is critical that these issues be ad-
dressed now because the number of large
data sets is increasing rapidly. Second, in
view of its importance, we wanted to dis-
cover the effects of long search times and
alternative search strategies on this data

3 Present address: Department of Biology, Univer-
sity of Pennsylvania, Philadelphia, Pennsylvania
19104, USA; E-mail: krice@saul.cis.upenn.edu.

set in particular We have no desire to
quibble over the details of these analyses
or their implications for angiosperm phy-
logeny; instead, we want to focus attention
on the special challenges posed by large
data sets.

THE CHASE ET AL. ANALYSES

Chase et al. performed two analyses.
Search I included 476 sequences, with
1,398 nucleotide sites/characters. A UNIX
version of PAUP 3.0r (Swofford, 1990) was
used in this analysis, and a transition—
transversion step matrix was employed
(Albert et al., 1993). Search I ran for ap-
proximately 200 hr, yielding 500 shortest
trees that were saved and reduced to a
consensus tree. Search II included 500 se-
quences, also of length 1,398. This search
was performed with PAUP 3.0s on a Mac-
intosh Quadra computer, and all charac-
ters and codon positions were treated
equally. A starting tree was obtained by
the CLOSEST addition procedure, fol-
lowed by several runs using NNI and TBR
branch swapping (Swofford et al, 1996).
This analysis was carried out for approxi-
mately 4 weeks, at which time 3,900 trees
were saved. These trees were of length
16,305 with uninformative characters ex-
cluded using PAUP. One of these trees was
shown as the B series trees by Chase et al.,
with an indication of nodes that were not
present in the strict consensus tree.
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OUR ANALYSES

We obtained the Chase et al. search II
data matrix from the authors in machine-
readable form, along with the search II
consensus tree and the single minimum-
length tree presented in the original paper.
The data set, as received, included 501
taxa. We made several changes to repro-
duce the search II data set exactly. First, we
removed the Fuchsia sequence and
switched the labels for Myrica and Celtis,
as did Chase et al. Second, the first 30 bas-
es (the annealing site of the forward am-
plification primer) were excluded using a
PAUP exclusion set, yielding a final length
of 1,398 bases. Alignment of rbcL sequenc-
es is unambiguous because there are no in-
sertions or deletions in this gene. There are
missing data for some taxa, especially near
the beginning and end of the sequence,
owing mainly to different methods of ob-
taining the sequences (e.g., cloning versus
direct sequencing of PCR products).

Using PAUP 3.1.1 (Swofford, 1993) we

- were able to confirm the length of 16,305
steps reported by Chase et al. when the
foregoing modifications were made and
uninformative characters were excluded.
When uninformative characters are includ-
ed, tree length is 16,538 steps. In the fol-
lowing discussion, we use only lengths
that include all characters because there is
no universally accepted method of parti-
tioning characters into informative and un-
informative subsets. MacClade (3.04; Mad-
dison and Maddison, 1992), for example,
gives a length of 16,225 for the search II
data set when ““uninformative’’ characters
are excluded.

The issue of informative versus unin-
formative characters arises again in con-
nection with the branch lengths reported
by Chase et al. for the B series trees. Chase
et al. calculated branch lengths using
PAUP’s ACCTRAN optimization. Unin-
formative characters were included in the
analysis, and the branch lengths shown in
the figures should therefore sum to 16,538.
However, when we added these branch
lengths we obtained a length of 16,429, 109
steps fewer than expected. We then re-

peated the ACCTRAN optimization using
PAUP and found a number of small differ-
ences that account for the missing 109
steps: the Symphoricarpos branch length
should read 19 instead of 14 (+5), the Cor-
nus walteri branch should be 13 instead of
11 (+2), the Humulus branch should be 32
instead of 3 (+29), and the Cabomba branch
should be 16 instead of 1 (+15; in this case,
a 6 appears below the Cabomba branch).
Removal by Chase et al. of the two rather
different Canella sequences (labeled A and
B), leaving only the branch leading to their
common ancestor, accounts for the remain-
ing 58 missing steps (Canella A, 14 steps;
Canella B, 44 steps).

All of our searches were done with
PAUP 3.0s running in parallel at minimum
priority under L. Oliver and ]. Weigert's
freeware ““Screen’”’ background session
manager on three Sun Workstations (one
60-MIPS and two 100-MIPS machines).
The searches consumed approximately
90% of the CPU cycles, even though the
machines were in daily use by interactive
users who did not experience noticeable
performance degradation. Running PAUP
under a background session manager al-
lowed searches to be brought to the fore-
ground and detached from any remote ter-
minal. This arrangement allowed us to
perform longer and more thorough search-
es than those used in previous efforts.

_Chase et al. conducted a single PAUP
heuristic search using CLOSEST addition
order, STEEPEST DESCENT, a combina-
tion of NNI and TBR branch swapping,
and a combination of MULPARS and NO-
MULPARS tree retention. As noted by
Baum (1994), the search II strategy guar-
anteed that only a single island of trees
could be found (Maddison, 1991; Page,
1993). In our analyses we did not explore
the efficacy of the several search strategies
that have previously been proposed for
large data sets (e.g., Maddison et al., 1992;
Olmstead and Palmer, 1994). We did, how-
ever, try eight independently seeded heu-
ristic searches with random taxon addition
order, TBR branch swapping, and MUL-
PARS. We also used consensus trees as
negative constraints (Swofford, 1993) in
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FIGURE 1. Examples of differences between the Chase et al. (1993) B series trees of length 16,538 versus the
16,533-step trees obtained in the present analysis. (a) Shift in the position of Magnoliales. (b) Shift in the
position of caryophyllids and the rosid groups (neither rosid I nor rosid II is monophyletic in the present

analysis).

two searches that were started with trees
obtained from prior analyses (tree B of
Chase et al. and a 16,533-step tree obtained
from a random addition sequence). This
approach was intended to break out of a
large neighborhood of equal-length trees
without having to search through all trees.
As an example of the effectiveness of this
approach, when the Chase et al. B tree was
used as a starting tree and the strict con-
sensus of the 3,900 trees they obtained was
used as the constraint, shorter trees were
obtained in <48 hr on a Macintosh Quadra
similar to the computer on which the orig-
inal analysis was run.

REsuULTS

Our searches used approximately 11.6
months of CPU time and examined ap-
proximately 27.9 billion trees, swapping
2,497 trees to completion, including 283
minimum-length trees (as compared with 3
in the Chase et al. analysis). Searches start-

ing from three of the eight independently
seeded replicates identified 21,774 trees
shorter than the published tree. We found
8,975 trees of length 16,533, 5 steps shorter
than the published trees. These trees, the
data matrix, a single tree of 16,533 steps,
and a consensus of most-parsimonious
trees can be obtained on the Worldwide
Web at http:/ /herbaria.harvard.edu/
~rice/treezilla/ or by anonymous ftp from
ftp:/ /herbaria.harvard.edu/pub/rice/
treezilla/ or by sending a diskette to one
of us (K.AR.).

Comparison of a strict consensus of our
most-parsimonious trees to the Chase et al.
search II consensus reveals many areas of
agreement. For example, Gnetales are
monophyletic in both consensus trees, and
they are still the sister group of angio-
sperms (in agreement with analyses sum-
marized by Doyle and Donoghue [1993]
and Crane et al. [1995]; but see Chaw et
al,, 1997). As shown in Figure 1, the aquat-
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FIGURE 2. Different placement of the Commelinaceae-Pontederiaceae (COMM-PONT) clade in the Chase et
al. (1993) B series trees of length 16,538 versus the 16,533-step trees obtained in the present analysis. Numbers
associated with the branches indicate the number of character state changes reconstructed in an ACCTRAN
optimization. Poac (+) = Poaceae, Eriocaulaceae, Restionaceae, and Flagellariaceae; Junc-Cype = Juncaceae and
Cyperaceae; Spar-Typh = Sparganiaceae and Typhaceae; Brom = Bromeliaceae; Phil-Haem = Philydraceae
and Haemodoraceae; Zing (+) = Zingiberales, i.e, Zingiberaceae, Strelitziaceae, Marantaceae, Costaceae, Mu-

saceae, Lowiaceae, and Heliconiaceae.

ic plant Ceratophyllum remains the sister
group of the rest of the angiosperms (see
Les et al., 1991), which are then split into
a tricolpate (or eudicot) clade (sensu Don-
oghue and Doyle, 1989; Doyle and Hotton,
1991) and a clade consisting of paleoherbs
(including monocots; i.e.,, sensu Donoghue
and Doyle, 1989) and magnoliids. Mono-
cots form a clade, within which Acorus is
the sister group of the rest (see Duvall et
al., 1993). Asterid groups I-IV still form a
clade and maintain the same relationships
.to one another (see Olmstead et al., 1993).
There are 65 topological differences be-
tween our best trees and those presented
by Chase et al. These differences are wide-
ly distributed throughout the tree (i.e, to-
ward the tips, closer to the base, etc.), al-
though there are several sections of the
tree in which many changes are concen-
trated (e.g., within asterid IIl and rosid I).
Some of the changes entail small, relatively
local rearrangements, whereas in other
cases large clades shift position by a num-
ber of nodes. The more major rearrange-
"ments include (1) movement of the Mag-
noliales from within the monosulcate clade
(with water lilies and associated taxa) to a
basal position within monosulcates; (2)
movement -of the caryophyllids (the sister
group of the rosids and asterids of Chase
et al.) to a position nested within rosids,
which renders the rosid group (sensu
Chase et al.) paraphyletic; and (3) connec-

tion of several rosid I clades (e.g., Myrta-
les) to rosid II groups, such that neither
rosid I nor II is monophyletic (Fig. 1). In
each of these cases, our results are more
similar to those found in the search I anal-
ysis of Chase et al.

Many of the differences between our
trees and the search II trees involve
branches that are supported by only one
or two character state changes in the Chase
et al. trees. (Branch lengths are the only
readily available measure of support; boot-
strap and decay analyses were not per-
formed because these are prohibitively
time consuming with data sets of this size.
Heuristics such as parsimony jackknifing
and fast bootstrapping [i.e, without
branch swapping] could be used but were
not reported by Chase et al.) However, a
number of clades that do not appear in the
strict consensus of our most-parsimonious
trees are marked in the Chase et al. ACCT-
RAN optimization by greater than the av-
erage number of changes on an internal
branch (11.7 steps). The movement of the
Commelinaceae-Pontederiaceae clade to a
position near sedges, cattails, and grasses
provides an example of a rearrangement
involving branches that seemed to be well
supported judging by branch lengths (Fig.
2). The connection of this clade to Phyli-
drum (Phylidraceae) plus Anigozanthos
(Haemodoraceae) is supported in the
Chase et al. ACCTRAN optimization by 16
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steps, and this branch is united in turn
with the Zingiberales by 11 character
changes. A more extreme case concerns the
branch uniting one clade of conifers with
the anthophytes (Gnetales + angio-
fﬁverms), which is marked by 22 steps in

e Chase et al. tree but does not appear
in our more-parsimonious trees. These re-
sults support the recommendation of
Chase et al. that branch lengths should not
be used as a measure of confidence or ro-
bustness, despite the evident temptation to
do so (e.g., Barraclough et al., 1996).

IMPLICATIONS

It is reasonable to ask whether our trees
are really any better than the Chase et al.
trees. The trees in our analysis are five
steps shorter and are therefore certainly
preferable to the degree that investigators
believe maximum parsimony to be a rea-
sonable criterion for judging the quality of
competing hypotheses (Farris, 1983; Sober,
1988). Those who accept parsimony as an
optimality criterion should (until shorter
trees are discovered) use our trees instead
of those of Chase et al. in designing further
phylogenetic analyses, in studies of char-
acter evolution, etc.

However, both analyses may be woeful-
ly-inadequate. For example, two of eight
independently seeded random addition
searches found 2,265 trees of length 16,536,
and 7,429 trees of length 16,535 (respec-
tively 2 and 3 steps shorter than the pub-
lished tree). These sets of trees differ in
significant ways from both the published
tree and from the 16,533-step trees, indi-
cating that maximum parsimony (at run
times within reach of today’s hardware)
has poor asymptotic performance when
applied to the present data set. That is, ad-
ditional independently seeded runs are
predicted to find trees shorter than our
trees of length 16,533, and these trees may
differ from ours in significant ways. Under
these circumstances, one may wish to re-
frain from using any of these results and
should be suspicious of future parsimony
analyses of large rbcL data sets.

The heuristic searches in the present
analysis examined more than 27.9 billion

trees. This sample might appear at first
glance to be adequate, but of course it is
not. There are about 1.01 X 10™2% distinct
trees for 500 taxa (see Felsenstein, 1978a),
and 27.9 billion trees constitute a vanish-
ingly small fraction of the entire set. Of
course, the size of the search space need
not in itself cause a problem because there
are local similarity algorithms, such as
neighbor joining (Saitou and Nei, 1987),
that yield approximations of minimum-
distance trees very quickly. However, a fac-
torially large search space poses genuine
difficulties for parsimony and maximum
likelihood because the globally best solu-
tion cannot be obtained by a systematic
composition of best solutions to local sub-
problems. Tree reconstruction algorithms
such as maximum parsimony and maxi-
mum likelihood are probably members of
the set of combinatorially difficult tasks
called NP-complete problems (Day, 1983).
Problems in this set are widely believed to
have no solution for which the expected
running time is less than an exponential
function of the “size”” of the problem (in
this case, the number of sequences). There
is no mathematical proof of the nonexis-
tence of faster-than-exponential solutions,
but an overwhelming majority of comput-
ability theorists believe that such solutions
do not exist (Garey and Johnson, 1979).
What should investigators do when
there are genuinely interesting problems
involving hundreds or thousands of taxa?
One approach, which we emphatically do
not recommend, is to simply continue to
add taxa to data sets that are already too
large for stable analysis under parsimony
or maximum likelihood. This is the main
way in which our recommendations di-
verge from those of Chase et al. They not-
ed that adding more taxa has the potential
to improve inferences of relationships, and
they envisioned studies that include up to
four times as many rbcL sequences as the
present data set (Chase et al, 1993:543).
Adding more taxa in an attempt to break
up “long branches” (see Felsenstein, 1978b;
Zharkikh and Li, 1993; Hillis et al., 1994)
or to increase the sampling density in
poorly represented clades is likely to com-
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pound the intractable problems encoun-
tered with the present data set. Moreover,
the probability of inconsistent estimation
due to long branches may increase with
the addition of taxa (Kim, 1996).

There is, however, a reasonably good
chance that the reconstruction problem
would become easier with the addition of
more characters (Hillis, 1996). Adding
more characters should, other things being
equal, yield more synapomorphies per
clade under the assumption that synapo-
morphy will, on average, covary more than
homoplasy across lineages. Under these
circumstances the tree obtained by the ini-
tial addition sequence may be closer to
maximally parsimonious, and branch
swapping may be somewhat faster because
there will be (on average) fewer equally
parsimonious trees of a given length. Be-
cause the number of characters needed to
achieve reliable results will often be great-
er than the number obtained from individ-
ual genes (Hillis, 1996), this line of reason-
ing leads inevitably to combining data
from different sources (where combination
is deemed reasonable on other grounds;
see de Queiroz et al., 1995).

Adding more characters may ameliorate,
but in no way solves, the central problem:
the optimization of an NP-complete objec-
tive function on a data set of large size.
When an investigator is confronted with
such a problem, there are at present three
strategies: (1) reduce the fraction of the
search space that must be traversed, (2) re-
duce the computational complexity of the
problem to be solved, or (3) reduce the size
of the problem.

In the first case, one can use heuristic
search methods to reduce the fraction of
the search space sampled, with the hope of

finding a globally best solution in a rea-
sonable amount of time. However, studies
such as the present one and those of Mad-
dison et al. (1992) and Templeton (1992)
have shown that longer running times of-
ten find shorter trees. That is, present heu-
ristics may not converge on the globally
shortest tree in a reasonable amount of
time, which suggests that today’s shortest
tree will be replaced by tomorrow’s even

shorter trees if faster hardware and longer
run times are employed. A partial solution
may be found in the search for better heu-
ristic search algorithms. Some possible av-
enues of exploration include the judicious
use of negative constraint trees and sto-
chastic relaxation algorithms, such as sim-
ulated annealing and threshold accepting
(Aarts and Korst, 1989; Dueck and
Scheuer, 1990).

A second possibility is to reduce the
computational complexity of the task by
solving a less combinatorially difficult
problem such as neighbor joining or par-
simony jackknifing (Farris et al,, in press).
The prospect of hour-long instead of
month-long run times is enticing, but us-
ing such methods requires abandoning the
notion that maximum parsimony or max-
imum likelihood is the criterion that we
are optimizing. Abandoning parsimony
and maximum likelihood requires that we
rethink the hypotheticodeductive or prob-
abilistic underpinnings of the discipline
(e.g., Farris, 1983). There are other reasons
for preferring parsimony and maximum
likelihood: sets of optimal and nearly op-
timal trees can be used to explore the
neighborhood of a local optimum (Penny
et al, 1995), and sets of optimal trees can
be reduced to a consensus tree to give an
indication of the uncertainty of an analy-
sis. Parsimony jackknifing yields a single,
often unresolved tree containing clades
that are expected to appear in a strict con-
sensus of all most-parsimonious trees (Far-
ris et al.,, 1996). It is said to identify clades
that are expected to be supported by at
least one uncontradicted synapomorphy
(Albert et al., unpubl. data; leaflet distrib-
uted at the 1995 AIBS/ASPT meeting, San
Diego, CA), but this expectation does not
always appear to be met in the rbcL data
set. For example, eudicots appear as a
clade in the rbcL parsimony jackknife tree
(Albert et al, unpubl. data), but none of
the 16 characters that change unambigu-
ously on the eudicot branch are uncontra-
dicted (e.g., reversals occur within eudi-
cots). In any case, it is clear that parsimony
jackknifing is simply not attempting to
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solve the problem of finding all globally
optimal trees.

A third possibility is to find ways of re-
ducing the problem size such that global
maximum-parsimony or maximum-likeli-
hood solutions can be found or such that
heuristic parsimony samples a sizable frac-
tion of the search space. Exemplar taxa can
be used, i.e.,, one or a few terminal taxa are
chosen to take the place of a major group.
More attention needs to be paid to suitable
sampling strategies because some are al-
most certainly better than others (e.g.,
Yeates, 1995). For example, one could
choose as exemplars taxa with the fewest
derived states in a group in an effort to
minimize branch lengths. Still, if we con-
fine ourselves to choosing among terminal
taxa, we will inevitably lengthen branches,
with all the attendant problems. Moreover,
the use of exemplars discards potentially
useful information about inferred ancestral
states within a clade. For these reasons, the
exemplar strategy probably will be unsat-
isfactory in the long term.

A more promising avenue is one that
might best be called the inferred ancestral
states (IAS) approach (cf. the placeholder
approach of Donoghue, 1994; compart-
mentalization of Mishler, 1994; ground-
plan of Yeates, 1995). Here, large presump-
tive clades are replaced with a hypothetical
ancestor inferred by optimizing characters
to the base of a tree for the clade of interest

S10 Sy

e CIACIC
CACA
cAlCTIA¢ A2

C[AC]T
CATG ™,

Si2 S S1g
“cATa cATa cifa cAla
&

(Fig. 3). The inferred ancestor is then al-
lowed to stand in for the presumptive
clade in a larger analysis, which gives
computational performance equivalent to
replacing a clade by a single exemplar. In-
ferred ancestors should incorporate poly-
morphisms where there are equivocal op-
timizations at the node in question, or the
effects of equally parsimonious alterna-
tives might be examined. Doyle et al
(1994) provided a concrete example of this
approach in angiosperms (also see Kellogg
and Campbell, 1987; Donoghue and Doyle,
1989).

To experiment with the IAS method, we
automated it for the Chase et al. data. A
chain of programs takes as its input the
500-taxon by 1,398-character matrix and a
set of files each containing a preselected
NEXUS-format subtree from our first
16,533-step tree. The program then gener-
ates a NEXUS file for each subtree and
passes the set of these to PAUP. PAUP then
optimizes characters on each of the sub-
trees, generating an inferred ancestral rbcL
sequence for each, using standard TUPAC
ambiguity codes to represent equivocal
optimizations. Finally, the program re-
moves the appropriate sequences from the
matrix and replaces them with an inferred
ancestral sequence. A suite of UNIX pro-
grams to accomplish the IAS procedure in
connection with PAUP is available as un-

FIGURE 3.  An outline of the inferred ancestral states (IAS) procedure. Three presumptive clades of sequences
(S5 Ss.¢ Si115) are reduced to the inferred ancestral sequences labeled A,, A,, and A, through an optimization
procedure. These ancestral sequences are used along with the remaining sequences (S, S, S,) in a new (re-
duced) analysis. Relationships shaded gray in the larger tree need not be “known” when the ancestral se-
quences are calculated.
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supported source code from one of us
(K.AR).

Using these programs, we extracted sub-
trees for 13 large and presumably mono-
phyletic groups found in all of the rbcL
trees: Asterales, Capparales, Crassulaceae,
Cycadales, Lamiidae, Malvales, monocots,
Myrtales, Pinaceae, Piperales, Ranuncula-
les, Sapindales, and the Solanaceae-Bora-
ginaceae clade. Altogether, these subtrees
contain 229 taxa, and the reduction pro-
cedure took about 2 min. The program’s
output is a new data matrix containing the
271 taxa that remained after the 13 puta-
tive clades were extracted, with 13 new se-
quences rtceﬁresenting the inferred ances-
tors for each of the clades, for a total of 284
sequences. The new data matrix was used
for a series of heuristic searches with the
same parameters as the 500-taxon search-
es, and the trees obtained were fully con-
cordant with those obtained from our 500-
taxon searches. Reducing the number of
taxa from 500 to 284 reduces the number
of trees in the problem space from approx-
imately 1 X 10%® to 2 X 10%¢; a reduction
of 624 orders of magnitude, implying a
proportional increase in the fraction of the
problem space searched per unit time. The
IAS procedure also speeds branch swap-
ping substantially. For example, whereas a
500-taxon tree was swapped to completion
in 52.73 hr on a 100-MIPS workstation (ca.
442.2 million trees evaluated), our 284-tax-
on tree required only 2.6 hr (ca. 2.3 million
trees evaluated). Similar results might also
be obtained by simply constraining partic-
ular subtrees to be monophyletic, a pro-
cedure which would be possible when the
phylogeny of the subtree is to be based
only on the data under consideration (as
opposed to being based on other data).

An inferred ancestor produced by IAS
fairly represents both our knowledge and
our uncertainty about ancestral character
states in particular subtrees while insuring
that branches are not lengthened artifac-
tually. If the group being reduced is in-
deed monophyletic, and if relationships in
the subtree are in fact globally parsimoni-
ous, then it is theoretically possible (al-
though perhaps not possible in practice) to

find globally parsimonious trees using just
the inferred ancestral states, and the over-
all position of the subtree in the more in-
clusive analysis should be the same as if
all of the terminal taxa were included from
the outset (Maddison et al, 1984). IAS
could allow additional taxa to be added
into the calculations within particular sub-
trees to try to obtain the best possible in-
ferences of ancestral states. Likewise, as
stressed by Mishler (1994), more characters
could be used for better resolution of re-
lationships within particular subtrees, in-
cluding characters that are not available or
cannot be homologized confidently over
the entire data set. At the limit, the phy-
logenetic relationships assumed to hold
within a particular subtree might be based
entirely on data other than those being an-
alyzed.

The key to successful application of the
IAS approach lies in conducting indepen-
dent analyses to test hypotheses of mono-
phyly and assumptions about relationships
within subtrees (Donoghue, 1994). Confir-
mation of monophyly might be obtained
from other sources, such as morphology, or
from other computational methods, such
as bootstrapping or parsimony jackknif-
ing. Sensitivity analyses designed to test
the robustness of the conclusions obtained
through this procedure should also be con-
ducted (e.g., Kellogg and Campbell, 1987;
also see Donoghue and Ackerly, 1996). For
example, one could test whether other
plausible relationships within particular
subtrees make a difference in ancestral
state assignments and whether any such
changes in ancestral states have a substan-
tial impact on the more inclusive analysis.

CONCLUSIONS

The large rbcL analyses of Chase et al.
provide a point of departure for studies of
the theoretical and methodological issues
surrounding the analysis of large data sets.
The computational difficulties are im-
mense, and adding more taxa to the rbcL
analysis will simply compound the prob-
lem. Instead, for those of us who wish to
maintain parsimony and maximum likeli-
hood as criteria for choosing among alter-
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native phylogenetic hypotheses, it will be
necessary both to add more characters and
to develop better, more explicit methods
for reducing the size of analyses. Although
the use of exemplars is appealing in its
simplicity, it suffers from the same prob-
lems as do other methods that knowingly
ignore relevant data. More promising are
methods such as IAS, which at least indi-
rectly make use of all the available data
and take into account whatever is
“known” about phylogenetic relationships
within well-supported subtrees. Such ap-
proaches are in their infancy, and much ad-
ditional work is needed to ascertain and
formalize the best methods. In the mean-
time, we urge caution in using the results
of very large phylogenetic analyses, in-
cluding our own.
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Siddall (1996) claimed that (1) the num-
ber of internal nodes in a cladogram (n) 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



