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Paralleling the spread of molecular sys-
tematics in recent years has been growing
concern over how to integrate morpholog-
ical and molecular data in phylogenetic
analysis (e.g., Miyamoto, 1985; Hillis, 1987;
Kluge, 1989; Barrett et al., 1991; Shaffer et
al., 1991; Swoffford, 1991; Donoghue and
Sanderson, 1992; Bull et al.,, 1993b; de
Queiroz, 1993; Eernisee and Kluge, 1993;
Kluge and Wolf, 1993; Chippindale and
Wiens, 1994; Huelsenbeck et al., 1994;
Wiens and Chippindale, 1994). A powerful
approach for dealing with diverse data
sets involves pooling all the available data
and finding a globally parsimonious solu-
tion. This has been termed the combined
(de Queiroz, 1993), total evidence, or char-
acter congruence approach (Kluge, 1989).
A potential problem when combining di-
verse characters into a single matrix is that
the taxonomic coverage of the separate
data sets may not overlap completely.
Thus, some taxa may lack data of one type
or another in a nonrandom fashion. Should
these “incomplete’”” taxa be included in a
combined analysis?

There have been relatively few phylo-
genetic analyses in which diverse data sets
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(such as molecular and morphological
data) have been combined (see Chippin-
dale and Wiens, 1994, for a recent review).
In most analyses in which the separate ma-
trices did not include exactly the same taxa
(e.g., de Sa and Hillis, 1990; DeSalle et al.,
1992; Vane-Wright et al., 1992; Hillis et al,,
1993; Olmland, 1994; Weller et al., 1994;
Yoder, 1994), the authors excluded the taxa
for which one of the data sets was unavail-
able (in the studies listed above, those taxa
lacking molecular data). The only expla-
nation given for this omission (Vane-
Wright et al., 1992) was the desire to avoid
a preponderance of missing data in the
combined matrix. Although this concern is
legitimate (e.g., Platnick et al., 1991), there
is growing support for the idea that incom-
plete taxa can be informative in phyloge-
netic analysis (e.g., Doyle and Donoghue,
1987; Gauthier et al., 1988; Donoghue et al.,
1989; Novacek, 1992). In three recent pa-
pers, authors have included taxa scored
only for morphological data in combined
analyses with molecular data (Eernisse
and Kluge, 1993; Wheeler et al, 1993;
Vrana et al., 1994).

There are reasonable justifications both
for including and excluding incomplete
taxa. There are two ways in which the in-
clusion of incomplete taxa might confound
an analysis: they may increase the number
of equally parsimonious trees obtained, or
they may cause an incorrect tree to be cho-
sen as the most-parsimonious tree. Pale-
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ontological studies (e.g., Rowe, 1988; No-
vacek, 1992) and computer simulations
(Huelsenbeck, 1991) have documented that
adding highly incomplete taxa can in-
crease the number of equally parsimonious
trees. A large number of shortest trees can
obscure relationships among both the
complete and incomplete taxa.

A more serious concern is that adding
incomplete taxa might also lead to an in-
correct tree being chosen as the most-par-
simonious tree. Computer simulations
(Huelsenbeck, 1991) have shown that add-
ing incomplete taxa decreases the proba-
bility of finding the correct tree, relative to
adding complete taxa (when the taxa are
of equivalent age). However, these simula-
tions did not address whether or not ac-
curacy (the probability of estimating the
true phylogeny) would be improved or
worsened by adding incomplete taxa ver-
sus excluding them.

There are three main reasons for includ-
ing incomplete taxa. First, including in-
complete taxa permits a hypothesis of re-
lationships for all the members of a group,
not just the ones for which complete data
are available. A phylogenetic hypothesis
for all the taxa within a group is desirable
for comprehensive taxonomic revisions
and for rigorous analyses of character evo-
lution, evolutionary rates, coevolution, and
biogeography.

Second, the inclusion of additional taxa
may improve the chances of estimating the
right tree. Hendy and Penny (1989) and
Swofford and Olsen (1990) recommended
including additional taxa as a way to sub-
divide the long, unbranched lineages of a
phylogenetic tree. Long branches tend to
be linked by parsimony analysis, regard-
less of the actual relationships of the lin-
eages (e.g., Huelsenbeck and Hillis, 1993),
and addition of more characters may only
further support the incorrect grouping
(Felsenstein, 1978). Computer simulations
by Wheeler (1992) showed that inclusion of
all the relevant taxa is the single most im-
portant factor in obtaining a tree consis-
tent with the correct phylogeny, whereas
the amount of missing data (10%, 15%, or
25% missing) has no significant effect on

accuracy. In Wheeler’s (1992) study, how-
ever, the missing data were randomly dis-
tributed across cells in the matrix, and no
taxa were particularly incomplete relative
to others. This situation clearly is not com-
parable to the problem presented by in-
complete taxa.

A third justification for including incom-
plete taxa is the principle of total evidence.
According to this general philosophical
principle (e.g., Carnap, 1950; Hempel,
1965), the best hypotheses are those that
explain all the relevant data simultaneous-
ly (Kluge, 1989). In the context of system-
atics, this approach requires including all
relevant taxa and characters (Gauthier et
al., 1988; Kluge, 1989). However, the hy-
pothesis that most parsimoniously ex-
plains all the data may not be the one that
best reflects the true phylogeny.

In this study, we address the problem of
combining data sets with different num-
bers of taxa for phylogenetic analysis; spe-
cifically, whether it is better to include or
exclude those taxa that are missing data
from one or more sets of characters. The
most important criterion for evaluating the
consequences of including these taxa is
whether their inclusion causes the result-
ing phylogenetic estimates to be more or
less similar to the true phylogeny (i.e,
more or less accurate). However, accuracy
can be addressed in only a few cases, us-
ing computer simulations and laboratory-
produced phylogenies (Hillis et al., 1992).
A useful criterion that can be applied to a
variety of real data sets is whether the in-
clusion of the incomplete taxa leads to
trees that are more or less similar to the
tree based on the complete data (if it could
somehow be obtained). If the trees includ-
ing the incomplete taxa differ greatly from
the complete tree, then their inclusion may
be a source of error in phylogeny recon-
struction (regardless of whether the com-
plete tree is right or wrong). However, if
there is little effect from including com-
plete versus incomplete taxa, the inclusion
of incomplete taxa may be relatively harm-
less.

We addressed both of these questions
through a series of subsampling experi-
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FIGURE 1. Generalized methodology used in this study for examining the effects of including incomplete

taxa in phylogenetic analysis.

ments using two empirical systems: (1)
phrynosomatid lizards, for which we have
both molecular and morphological data for
a large number of species (40; Reeder and
Wiens, 1996), and (2) the bacteriophage vi-
rus T7, using a known phylogeny of nine
strains generated in the laboratory for
which there is both DNA sequence and re-
striction-site data (Hillis et al., 1992; Bull et
al., 1993a). The general protocol for these
experiments (Fig. 1) involved (1) randomly
selecting certain taxa to be complete and
others to be incomplete, (2) making taxa
incomplete by replacing one of their sets of
characters with missing data, (3) analyzing
the complete taxa alone and with the ad-
dition of incomplete taxa, and- (4) compar-
ing the similarity of the trees with and
without incomplete taxa to the complete or
correct phylogeny.

EXPERIMENTS WITH LIZAI%DS AND VIRUSES

Lizard Data and Methods

The raw data for the experiments with
phrynosoiatid lizards consisted of 134
phylogenetically informative morphologi-

cal characters (squamation, osteology, col-
oration, karyology, life history) and 111 in-
formative molecular characters (109 DNA
nucleotide substitution characters from the
mitochondrial 12S and 16S ribosomal
genes and 2.allozyme characters) for 40
species of phrynosomatid lizards, repre-
senting all 10 genera in the family. (Details
of characters, taxa, specimens, and meth-
ods used will be published elsewhere
[Reeder and Wiens, 1996]. The annotated
data matrix is available on disk from J.J.W.)
Data matrices were subjected to parsimony
analysis using PAUP 3.0s (Swofford, 1990),
with all characters weighted equally.

Sets of species were selected from the
complete set of 40 taxa (using a random
number table) to be complete taxa. The re-
maining species in each matrix were then
rendered incomplete by coding their mo-
lecular data as missing (i.e., ““?”"). The com-
plete taxa were analyzed alone and with
the inclusion of randomly selected sets of
incomplete taxa. To control for the overall
number of taxa in the analysis, incomplete
taxa were added to different numbers of



