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Abstract.—Missing data are a widely recognized nuisance factor in phylogenetic analyses, and the
fear of missing data may deter systematists from including characters that are highly incomplete.
In this paper, I used simulations to explore the consequences of including sets of characters that
contain missing data. More speci�cally, I tested whether the bene�ts of increasing the number of
characters outweigh the costs of adding missing data cells to a matrix. The results show that the
addition of a set of characters with missing data is generally more likely to increase phylogenetic
accuracy than decrease it, but the potential bene�ts of adding these characters quickly disappear as
the proportion of missing data increases. Furthermore, despite the overall trend, adding characters
with missing data does decrease accuracy in some cases. In these situations, the missing data entries
are not themselves misleading, but their presence may mimic the effects of limited taxon sampling,
which can positively mislead. Criteria are discussed for predicting whether adding characters with
missing data may increase or decrease accuracy. The results of this study also suggest that accuracy
can be increased to a surprising degree by (1) “�lling the holes” in a data matrix as much as possible
(even when relatively few taxa are missing data), and (2) adding fewer characters scored for all
taxa rather than adding a larger number of characters known for fewer taxa. Missing data can also
be eliminated from an analysis through the exclusion of incomplete taxa rather than incomplete
characters, but this approach may reduce the usefulness of the analysis and (in some cases) the
accuracy of the estimated trees. [Accuracy; missing data; parsimony; simulations.]

Missing data are a common and widely
recognized nuisance factor in phylogenetic
analyses (e.g., Rowe, 1988; Huelsenbeck,
1991; Platnick et al., 1991; Novacek, 1992;
Wiens and Reeder, 1995; Wilkinson, 1995).
Given an initial data matrix that is com-
plete (no missingdata),missing dataare typ-
ically added by two (nonindependent) vec-
tors: (1) taxa that are highly incomplete (e.g.,
a fossil taxon known only from a tooth), or
(2) sets of characters that are highly incom-
plete (e.g., DNA sequences obtained for 4
species in a genus with 12 species). Studies
that discuss the effects of missing data on
phylogenetic analysis have so far addressed
only the impactof including incomplete taxa
(e.g., Rowe, 1988; Huelsenbeck, 1991; No-
vacek, 1992;Wiens and Reeder, 1995;Wilkin-
son, 1995). These studies have shown that
highly incomplete taxa tend to increase the
number of shortest trees in a parsimony
analysis and to decrease the resolution of
consensus trees, and that they may reduce
the overall accuracy of estimated trees.

Although incomplete taxa are a com-
mon source of missing data in phyloge-
netic analysis, incomplete sets of charac-

ters may be equally common. Many data
sets may be scored for only a limited set
of taxa in the context of a larger analy-
sis, including molecular data sets, DNA
sequences that can be aligned for only a
subset of taxa, larval characters, histolog-
ical characters, and behavioral characters.
Unless one reduces the analysis to include
only those taxa scored for all or most char-
acters (which may be undesirable because
this limits the taxonomic scope of the study
and may be impossible if different sets
of characters are missing in different sets
of taxa), using these characters requires
adding missing data entries. To avoid this,
some authors have deliberately excluded
characters because they contain abundant
missing data (e.g., Livezey, 1989; Kress,
1990; Hufford, 1992; Hufford and Dicki-
son, 1992; Smith et al., 1995; Smith, 1996). In
contrast, Wiens and Reeder (1995) argued
against excluding such characters, on the
grounds that incompleteness of characters
should not itself be positively misleading.
Yet, the justi�cation for either exclusion or
inclusion of these characters has not been
thoroughly addressed. Previous studies



626 SYSTEMATIC BIOLOGY VOL. 47

FIGURE 1. Model trees used in the simulations: (a)
fully asymmetric, 16 taxon; (b) fully symmetric (bal-
anced), 16 taxon; (c) 64-taxon tree based on hypothe-
sized phylogenies of the lizard family Phrynosomati-
dae. All trees are unrooted.

have suggested that increasing the number
of characters should generally increase phy-
logenetic accuracy (e.g., Hillis et al., 1994)
but that increasing the amount of missing
data may decrease accuracy (e.g., Huelsen-
beck, 1991; Wiens and Reeder, 1995). Do
the advantages of increasing the number of
characters outweigh the disadvantages of
adding missing data entries?

In this study, I used computer simulations
to explore the effect of including sets of char-
acters with missing data on the accuracy of
parsimony, the most widely used phyloge-
netic method (Sanderson et al., 1993). For a
given set of conditions, a complete data set
(no missing data) was simulated and ana-
lyzed, after which a second data set, of the
same size and type but with a number of
data cells rendered missing, was added to
it. Accuracy, the similarity between the es-
timated and true phylogeny, was compared
between the �rst data set alone and the com-
bined �rst and second data sets, to deter-
mine whether accuracy was increased or de-
creased by adding characters with missing
data.

Simulations are an important tool for ad-
dressing general questions about phyloge-
netic accuracy because they provide a con-
text for cases where the true phylogeny and
evolutionary parameters are known. Al-
though simulated data sets never capture
the complexity of real data sets, the simplic-
ity of simulated data sets allows the parame-
ters that affect the behavior of phylogenetic
methods to be controlled and understood.
Results that are consistent across a broad
range of simulated conditions can then be
used to make predictions about how meth-
ods may behave in the real world.

MATERIALS AND METHODS

Unrooted trees of 16 taxa each were simu-
lated. Simulated trees were either fully bal-
anced (symmetric) or unbalanced (asym-
metric or pectinate), to span the range of
all possible levels of symmetry for unrooted
trees of 16 taxa (Fig. 1). Simulated charac-
ters were either binary (two states, as are
many morphological characters) or had up
to four unordered states (simulated DNA
sequence data). All changes between states

were considered to be equally likely (e.g.,
gains, losses, transitions, transversions). For
the purposes of this paper, branch length
was considered to be the probability of a
change occurring by the end of a branch for a
given character. Branch lengths were varied
among simulations to assess the impact of
different rates of change but were held con-
stantacross all characters and all branches of
the tree for a given simulation. This assumes
an extremely punctuated model of change,
as opposed to having divergence increase
linearly with time on a rooted tree, but al-
lows the effects of a given branch length to
be tested. For binary characters the branch
lengths examined were 0.01, 0.05, 0.10, 0.15,
and 0.20. Because the presence of four un-
ordered states reduces the probability of ho-
moplastic changes, the DNA sequence data
were unsaturated by homoplasy at longer
branch lengths than the binary data, and
so a broader range of branch lengths was
tested (0.01, 0.10, 0.20, 0.30, and 0.40). For
both types of characters, the lengths cho-
sen span a broad range of conditions over
which trees can be estimated correctly using
parsimony (given a �nite sample of charac-
ters), based on preliminary analyses. With
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shorter branch lengths, there are few infor-
mative characters, and with longer branch
lengths, parsimony has extremely low accu-
racy (because of homoplasy). One hundred
replicated matrices were generated for each
set of conditions examined (combination of
tree shape, data type, and branch length).

Simulations began with an initial set of
50 characters for 16 taxa, with no missing
data. To this data set was added another
set of 50 characters (of the same type and
evolving at the same rate) with various lev-
els of completeness: (1) 100% complete (no
missing data), (2) 75% complete (4 taxa ran-
domly selected to have all missing data
entries for all 50 characters in the second
data set), (3) 50% complete (8 taxa missing
data), and (4) 25% complete (12 taxa missing
data).Different ways of adding missing data
were also explored, namely, (1) con�ning the
missing data cells to a monophyletic group
of taxa (rather than a randomly selected set
of taxa), and (2) randomly distributing miss-
ing data cells among taxa for each charac-
ter in the second data set (so that all taxa
are equally incomplete on average). “Mono-
phyletic” groups were selected by taking the
desired number of taxa, starting at the left
side of the trees in Figure 1 (the strict mono-
phyly of these groups depends on how these
trees are rooted, but the groups are con-
sistent with monophyly, given an unrooted
tree).

The number of taxa (16) was chosen be-
cause it is small enough to be computa-
tionally tractable but large enough to allow
characters to be highly incomplete but still
(potentially) parsimony-informative (e.g.,
25% complete leaves data in 4 taxa). Fifty
characters were used in the initial data set
because this number is small enough to al-
low the addition of characters to potentially
improve accuracy (i.e., an accuracy of 100%
cannotbe improved upon), but largeenough
that there generally were not huge num-
bers of equally parsimonious trees to con-
tend with.

A more limited set of analyses tested the
effects of including characters with miss-
ing data in a 64-taxon case. The model
tree used was based on estimated phylo-
genies for phrynosomatid lizards (Fig. 2).

An empirically derived tree was chosen to
be more complex and realistic in its shape
than the trees used in the 16-taxon case,
but the veracity of this tree is not critical
(because the true tree is known in the
simulations). The higher-level relationships
were based on Reeder and Wiens (1996;
combined analysis) and species-level re-
lationships were based on the following
sources (with some minor modi�cations):
Phrynosoma (Montanucci, 1987),sand lizards
(Uma, Callisaurus, Cophosaurus, Holbrookia;
de Queiroz, 1989, combined analysis), Uta
(Ballinger and Tinkle; 1972, their Fig. 13),
Urosaurus (Reeder and Wiens, 1996; com-
bined analysis), and Sceloporus (Wiens and
Reeder, 1997; from combined analysis with
all taxa, but only species groups shown).
These simulations used an initial set of 100
characters, to which was added another
set of 100 characters, which was either
(1) 100% complete (no missing data), (2) 75%
complete (16 taxa missing data), (3) 50%
complete (32 taxa missing data), or (4) 25%
complete (48 taxa missing data).

In all the preceding analyses, the number
of characters added in the second data set
was held constant, but the actual amount
of data added was reduced by the missing
data entries. Another set of analyses (using
16 taxa) tested the effects of adding differ-
ent amounts of missing data while keep-
ing the amount of nonmissing data constant.
Thus, the second data set contained either
(1) 25 characters in all 16 taxa (no missing
data), (2) 50 characters for 8 taxa (50% miss-
ing data), or (3) 100 characters for 4 taxa
(75% missing data). Missing data were dis-
tributed to randomly selected taxa for all
characters in the second data set. These anal-
yses addressed the question of whether it
is better to add fewer characters scored for
many taxa in a phylogenetic analysis or to
add more characters scored for few taxa.

A limited set of analyses tested an alter-
native method for excluding missing data
entries, i.e., excluding the incomplete taxa.
The 16-taxon, asymmetric tree topology was
used, with binary characters and intermedi-
ate branch lengths (0.05, 0.10, 0.15). The sec-
ond data set contained either 8 taxa scored
for 50 characters, or 4 taxa scored for 100
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FIGURE 2. Accuracy of parsimony analysis including and excluding characters with missing data in the 16-
taxon case. = data set 1 alone (no missing data); = data sets 1 and 2 combined (with missing data). Missing
data are added by randomly picking taxa to have empty data cells for all characters in data set 2. Each data set
contains 50 characters, and each point is the average accuracy from 100 replicates. Asterisks denote P < 0.01 for
paired t-tests of accuracy with and without addition of the second data set.

characters (i.e., keeping the amount of data
added constant). Rather than distributing
missing data entries randomly on the tree,
two general patterns were explored, one in
which missing data were distributed evenly
on the tree, and another in which the com-
plete taxa were distributed to maximize
long-branch effects (Felsenstein, 1978). Al-
though this set of analyses was not ex-
haustive in terms of the parameter space

explored, it did address the accuracy of
taxon exclusion relative to character exclu-
sion for favorable and worst-case scenarios
(for taxon sampling).

In the preceding analyses, accuracy was
measured as the similarity between the es-
timated phylogeny (or the strict consensus
of multiple equally parsimonious estimates)
and the true phylogeny, averaged across 100
replicates. Similarity was measured as the
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proportion of nodes in common between
the true and estimated trees, by use of the
consensus fork index of Colless (1980). This
is a commonly used and intuitive measure
of accuracy, but it may be sensitive to taxa
that are highly unstable in their placement
(M. Wilkinson, pers. comm.). Paired t-tests
were used for assessing the signi�cance of
changes in accuracy caused by adding the
data set with missing entries (because of the
large number of comparisons, only P values
less than 0.01 are noted).

Alternative measures of accuracy were
also explored: (1) using a single, randomly
chosen tree (from among the shortest trees)
as an estimate, so that all analyses yielded
the same level of resolution, and (2) mea-
suring how often the addition of the second
data set increased, decreased, or had no af-
fect on accuracy (relative to the accuracy of
the �rst data set alone) out of 100 replicates.

Phylogenetic analyses were performed
using Swofford’s PAUP*, versions 4.0d55
and 4.0d56, with the heuristic search op-
tion, TBR branch swapping, and 20 random-
addition sequences per search. Because
many thousands of equally parsimonious
trees were sometimes generated at the short-
est branch length (0.01), the maximum num-
ber of trees retained in a search was set to
500, to allow searches to be completed in a
reasonable amount of time. This may arti-
�cially increase the resolution of the trees
(both with and without missing data) but
generally only at this branch length. The pro-
grams for simulating the data sets and tal-
lying the results were written in C by the
author.

In PAUP and PAUP*, missing data en-
tries (usually symbolized by “?”) are treated
as ambiguous during tree-reconstruction; in
other words, they are treated as if any of
the observed states could be assigned to the
incomplete taxon (Swofford, 1993). Thus, a
missing data cell is uninformative in esti-
mating the tree, although other data cells
of that character may be informative. The
method by which PAUP (and other parsi-
mony programs) treats missing data entries
is assumed to be reasonable and noncontro-
versial (but see Platnick et al., 1991). Miss-
ing data cells are assumed to represent an

absence of information rather than inappli-
cability (e.g., the shape of a bone in a taxon
where the bone is absent) or polymorphism.

RESULTS

Across all the conditions examined (tree
shapes, branch lengths, types of data),
adding characters with missing data (in ran-
domly selected incomplete taxa) is generally
more likely to increase accuracy than de-
crease it (Fig. 2). However, the increase in
accuracy caused by adding these characters
is greatly diminished relative to adding an
equal number of complete characters, even
when only 25% of the data cells are missing
in the second data set. When 50% of the data
cells are missing, the increase in accuracy
is small, being signi�cantly different from
0 in some cases but not others. With missing
data in 75%of the taxa, theaccuracy is gener-
ally the same as if the incomplete characters
were not added at all. This same general pat-
tern is seen (1) in the 64-taxon case (Fig. 3),
(2) when missing data entries are con�ned to
a monophyletic group of taxa or randomly
distributed among taxa for each character
(Fig. 4), and (3) when accuracy is measured
by using a single randomly selected, fully
resolved tree from each analysis as the esti-
mate (so thatall analyses have the samelevel
of resolution), rather than strict consensus
trees (Table 1). This pattern is not an artifact
of the unstable placement of highly incom-
plete taxa because the same general results
are obtained when all taxa are equally in-
complete (Fig. 4).

The same general pattern is also found
when the amount of nonmissing data added
is standardized in each case (Fig. 5); adding
a few characters scored for all taxa, a larger
number of charactersscored for half the taxa,
or a large number of characters scored for
only a few taxa. Thus, the results suggest
that, given a �nite amount of data thatcan be
added to an existing data matrix, it is more
bene�cial to add fewer characters scored
for all the taxa than to add more characters
scored for fewer taxa.

The preceding results are all based on
comparing the average accuracies of the
data sets with and without characters with
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FIGURE 3. Accuracy of parsimony analysis including and excluding characters with missing data in the 64-
taxon case. = data set 1 alone (no missing data); = data sets 1 and 2 combined (with missing data). Missing
data are added by randomly picking taxa to have empty data cells for all characters in data set 2. Each data set
contains 100 characters, and each point is the average accuracy from 100 replicates. Asterisks denote P < 0.01 for
paired t-tests of accuracy with and without addition of the second data set.

missing data. Another way of looking at
the results is to see how often (what pro-
portion of 100 replicates) adding the sec-
ond data set increases or decreases accu-
racy relative to the �rst data set analyzed
alone.Using the latter measure con�rms that
adding the characters with missing data is
generally more likely to increase accuracy

than decrease it (Fig. 6). However, in many
cases, adding the characters with missing
data clearly causes accuracy to decrease;
moreover, this seems to occur more often
than would be expected for adding a set
of complete characters (Fig. 6). This sug-
gests that adding highly incomplete charac-
ters can worsen phylogenetic results (contra

TABLE 1. Accuracy of parsimony analysis including and excluding characters with missing data in the 16-taxon
case, comparing two ways of measuring accuracy. The �rst measure uses a strict consensus of the shortest trees
as the estimate from a given analysis (as done throughout this paper), and the second uses a single randomly
selected, fully resolved tree from among the shortest trees (so that all analyses yield the same level of resolution).
The �rst measure gives lower accuracy overall than does the second, but the general effects of adding characters
with missing data are the same. The characters are binary, the tree is asymmetric, there are 50 characters in each
data set, and each value is the mean accuracy from 100 replicates.

Proportion of missing data (%)
Branch Accuracy
length measure Data set 0 25 50 75

0.05 consensus data set 1 0.695 0.662 0.667 0.666
combined 0.882 0.775 0.721 0.667

single tree data set 1 0.799 0.771 0.759 0.769
combined 0.926 0.850 0.819 0.770

0.10 consensus data set 1 0.571 0.592 0.610 0.616
combined 0.873 0.729 0.627 0.612

single tree data set 1 0.679 0.702 0.699 0.700
combined 0.900 0.793 0.722 0.727

0.15 consensus data set 1 0.363 0.346 0.380 0.351
combined 0.700 0.536 0.432 0.342

single tree data set 1 0.436 0.463 0.464 0.425
combined 0.742 0.622 0.509 0.419
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FIGURE 4. Accuracy of parsimony analysis including and excluding characters with missing data in the 16-
taxon case, showing that three different ways of distributing missing data cells all give similar results. = data
set 1 alone (no missing data); = data sets 1 and 2 combined (randomly selected taxa have all characters in data
set 2 replaced with missing data); = data sets 1 and 2 combined (missing data con�ned to monophyletic subset
of taxa); = data sets 1 and 2 combined (missing data randomly distributed among taxa for each character). Each
data set contains 50 characters, and each point is the average accuracy from 100 replicates.

Wiens and Reeder, 1995), at least in some
cases. When 75% of the data are missing in
the second data set, adding these characters

may decrease accuracy as often or more of-
ten than it increases accuracy (although in
most replicates adding the second data set
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FIGURE 5. Given a �nite amount of data that can be added to an analysis, sampling more taxa gives more
accurate results than sampling more characters. Four hundred complete data cells are available in data set 2,
which are distributed in three ways: (1) 25 characters for all 16 taxa, no missing data; (2) 50 characters for 8 taxa,
missing data in 50% of the taxa; (3) 100 characters for four complete taxa, missing data in 75% of the taxa. =
data set 1 alone (no missing data); = data sets 1 and 2 combined (with missing data). Missing data are added by
randomly picking taxa to be missing data for all characters in data set 2. Each point is the average accuracy from
100 replicates. Asterisks denote P < 0.01 for paired t-tests of accuracy with and without addition of the second
data set.

has no effect on accuracy, and the average
accuracy is not signi�cantly decreased). The
same pattern is seen when missing data are
distributed randomly among taxa for each
character (Fig. 7b). However, when the miss-
ing data are restricted to a monophyletic
subset of taxa, the tendency for accuracy to
decrease is reduced (Fig. 7a).

In a limited set of analyses, I compared the
accuracy of excluding incomplete taxa rel-
ative to including or excluding incomplete
characters. The results (Fig. 8) show that the
estimate based only on the complete taxa
may be relatively accurate if the complete
taxa are distributed evenly on the true phy-
logeny (Fig. 8a, c), or it may be relatively
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FIGURE 6. Frequency with which adding data set 2 (with missing data) decreases ( ), increases ( ), or has
no effect on accuracy ( ), relative to data set 1 analyzed alone, based on 100 replicated matrices. Missing data
are added by randomly picking taxa to be missing data for all characters in data set 2. Each data set contains 50
characters. (a) Asymmetric model tree, binary characters. (b) Symmetric model tree, DNA sequence characters.

inaccurate if these taxa are distributed so as
to maximize long-branch attraction (Fig. 8b,
d). However, even when the complete taxa

are spaced evenly on the true tree, an anal-
ysis restricted to them is consistently less
accurate than one that includes all the taxa



634 SYSTEMATIC BIOLOGY VOL. 47

FIGURE 7. Frequency with which adding data set 2 (with missing data) decreases ( ), increases ( ), or has
no effect on accuracy ( ), relative to data set 1 analyzed alone, based on 100 replicated matrices. Each data set
contains 50 characters. (a) Asymmetric model tree, binary characters, missing data added to a monophyletic subset
of taxa. (b) Asymmetric model tree, binary characters, missing data added to a randomly selected set of taxa for
each character.

but prunes incomplete taxa from the short-
est trees. In other words, when the measure-
ment of accuracy is standardized so that the
same number of taxa are compared in each

case, the analysis including more taxa al-
ways gives the better estimate. This analysis
alsodemonstrates thatmissingdata cells can
be distributed in such a way that including



1998 WIENS—MISSING DATA 635

FIGURE 8. The effects of including and excluding incomplete taxa on phylogenetic accuracy. = 16 taxa, data
set 1 alone; = 16 taxa, data set 1 alone, accuracy based only on those taxa that are complete in data set 2; = 16
taxa, combined data sets; = 16 taxa, combined data sets, accuracy scored for complete taxa only; = combined
data sets, incomplete taxa excluded. All characters are binary. Each bar is the average accuracy from 100 replicates,
and the line above each bar is the standard error. (a) Eight taxa complete in data set 2, incomplete taxa distributed
evenly on tree, 50 characters in each data set. (b) Eight taxa complete in data set 2, incomplete taxa distributed
to maximize long-branch effects, 50 characters in each data set. (c) Four taxa complete in data set 2, incomplete
taxa distributed evenly on tree, 50 characters in data set 1, 100 characters in data set 2. (d) Four taxa complete in
data set 2, incomplete taxa distributed on tree to maximize long-branch effects, 50 characters in data set 1, 100
characters in data set 2.

incomplete characters can consistently de-
crease accuracy (Fig. 8d).

DISCUSSION

How Can Missing Data Decrease Phylogenetic
Accuracy?

The major conclusion of this study is that
adding characters with missing data gener-
ally increases phylogenetic accuracy. How-
ever, adding these characters can decrease
accuracy in some cases. This result is some-
what counterintuitive, because missing data
cells cannot introduce new homoplasy to an

analysis. Given this, how is it possible that
adding sets of characters with missing data
can produce estimates less accurate than if
these characters were complete or were ex-
cluded? The answer may be due largely to
the fact that taxa with missing data are effec-
tively unsampled for those characters. Lim-
ited taxon sampling can increase the lengths
of thebranches connecting thesampled taxa,
and long branches can cause phylogenetic
methods to be positively misled (e.g., Swof-
ford et al., 1996).By effectively increasing the
branch lengths among the “complete” taxa,
an abundance of missing data can increase
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FIGURE 9. Missing data can increase the proportion
of parsimony-informative characters that support in-
correct topologies ( ) versus the correct tree ( ). Each
graph is based on a sample of 500 characters. (a) Four-
taxon unrooted tree with all branches of length 0.10;
(b) 16-taxon unrooted tree with all branches of length
0.10, with missing data added to 12 taxa (4 taxa com-
plete); (c) 16-taxon unrooted tree with all branches of
length 0.10, with missing data added to 12 taxa (4 taxa
complete), with incomplete taxa chosen to maximize
potential long-branch attraction.

the proportion of characters that support in-
correct topologies (Fig. 9), even when branch
lengths are equal among lineages (Fig.
9b). Furthermore, if the missing data are
distributed in such a way that there areeffec-
tively two long, unrelated terminalbranches
separated by a short internal branch (the sit-
uation described by Felsenstein, 1978), then
the number of characters supporting incor-
rect trees will greatly outnumber the char-
acters supporting the correct trees (Fig. 9c).
Thus, not only the amount of missing data
is important, but also how these data are
distributed among taxa; this is why miss-
ing data are less likely to be misleading
when they are con�ned to a monophyletic
subset of taxa (Fig. 7). When missing data
are distributed randomly among taxa (as
in many of the simulations of this study),
accuracy may be increased or decreased
by adding these incomplete characters, de-
pending upon the individual replicate.

Long-branch attraction through incom-
plete taxon sampling is a possible mech-
anism by which adding characters with
missing data can give misleading results.
However, the taxon sampling/long branch
problem is probably not the only cause for
the decreases in accuracy sometimes caused
by adding characters with missing data, be-
cause these decreases still may occur (albeit
less frequently) when the missing data cells
are con�ned to a monophyletic subset of
taxa,and these decreases happen more often
than would be expected if complete charac-
ters were added (Fig. 7a).

Another effect of abundant missing data
entries is to decrease the number of parsi-
mony-informative characters (relative to a
complete data set of the same size), espe-
cially when data are missing in 75% of the
taxa (Table 2). The decrease in informative
characters may explain why the addition of
sets of characters with very large amounts
of missing data tends to have little over-
all effect on phylogenetic accuracy. How-
ever, the relatively small decreases in the
number of informative characters with 25–
50% missing data suggest that a loss of
informative characters is insuf�cient to ex-
plain why characters with missing data in-
crease accuracy so little relative to com-

plete data. Instead, it appears that many
characters with abundant missing data are
parsimony-informative but highly ambigu-
ous (i.e., consistent with many trees but not
with all trees), relative to characters that are
complete.

Implications for Empirical Studies
Given the results of this study, should an

empirical investigator include or exclude a
set of characters with abundant missing
data? In general, the results of this study
suggest that it should be more bene�cial to
include these characters (and more costly to
exclude them). Nevertheless, in some cases
accuracy is decreased by adding characters
with missing data, and there are conditions
where this can be expected to happen fre-
quently (Figs. 8d, 9). Is there any way to pre-
dict whether adding a set of characters with
missing data is more likely to increase or de-
crease phylogenetic accuracy?

In general, when the missing data cells are
con�ned to a monophyletic subset of taxa,
the addition of the incomplete data set is less
likely to cause a decrease in accuracy (Fig.
7a) and may be relatively safe. Conversely,
when missing data cells are distributed so as
to create long-branch attraction among the
sampled taxa (i.e., distantly related species
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TABLE 2. Replacing data cells with missing data entries reduces the number of parsimony-informative char-
acters. Values are the numbers (range) of characters that are parsimony-informative for a given matrix (out of 50
total) averaged across 10 replicated matrices. Missing data are distributed randomly among taxa.

Proportion of missing data (%)

Tree shape Character Branch length 0 25 50 75

Asymmetric binary 0.05 28.2 26.1 20.4 6.6
(18–34) (20–30) (18-26) (3–11)

0.10 43.2 40.2 32.5 11.0
(40–45) (33–44) (27–39) (5–18)

0.15 47.6 45.1 39.7 14.4
(45–50) (39–50) (38–42) (9–18)

Symmetric DNA 0.10 38.1 32.8 24.7 7.1
(28–44) (28-37) (21–32) (3–14)

0.20 48.7 47.3 40.6 9.9
(47–50) (46–49) (37–46) (6–18)

0.30 49.8 49.4 45.8 7.1
(49–50) (48–50) (42–48) (6–10)

or certain combinations of closely and dis-
tantly related species), then their addition is
more likely to cause a decrease in accuracy
(Fig. 8d). In many cases, however, it may not
be known how the taxa with missing data
are related to each other.

If there is a long-branch problem caused
by incomplete taxon sampling, the com-
plete and incomplete sets of characters may
yield strongly con�icting estimates of phy-
logeny when analyzed separately (for those
taxa present in both data sets), even if these
data sets share identical underlying phylo-
genetic histories, branch lengths, and mod-
els/processes of character evolution. Given
this, the absence of con�ict between the trees
may indicate that inclusion of these incom-
plete characters will be relatively safe.

In some cases, changes in the number of
equally parsimonious trees caused by add-
ing incomplete characters might be useful
for predicting their impact on accuracy. Ex-
amining some of the previous results (Fig.
2) more closely suggests that when the ad-
dition of characters with missing data in-
creases the number of shortest trees (relative
to the complete data alone), accuracy gen-
erally either decreases or remains the same,
an indication that it may be safe to exclude
these characters (Table 3). Conversely, when
the number of shortest trees decreases or
remains the same, accuracy generally either
increases or remains the same, suggesting

that it is safe to include these characters. Al-
though these results are based on a limited
set of analyses under very simpli�ed condi-
tions, they make intuitive sense for at least
two reasons: (1) Adding characters should
generally increase resolution, and the added
characters must con�ict substantially with
the original set of characters to decrease res-
olution; and (2) accuracy and resolution are
not independent (i.e., a data set that yields
a large number of equally short trees must be

TABLE 3. Changes in the number of shortest trees
caused by adding sets of characters with missing data
may predict changes in accuracy. The data presented
are the number of replicates (out of 100) in which there
is an increase, a decrease, or no change in the accuracy
and number of trees caused by adding the second data
set, relative to the accuracy and number of trees from
analyzing the �rst data set alone. There are 50 charac-
ters in each data set, and missing data are randomly
distributed among 8 of the 16 taxa in data set 2. Model
I = binary characters, asymmetric tree, length = 0.10.
Model II = DNA characters, symmetric tree, length =
0.20.

Change in accuracy (no. replicates)

Model No. of trees Increases Decrease No change

I increases 1 18 12
decreases 32 4 7
no change 5 1 20

II increases 5 18 13
decreases 25 2 9
no change 10 1 17
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generating a large number of incorrect trees,
because only one tree can be correct).

In summary, these criteria may be useful
in deciding whether or not to include a set of
characters with abundant missing data cells
in empirical studies. One should remember,
however, that, according to these simula-
tions, including these characters (on aver-
age) either increases or has little effect on
accuracy under a wide variety of condi-
tions—which suggests that incomplete char-
acters should generally be included.

A surprising result of this study is the
extent to which even a limited amount of
missing data can rob a set of characters of
their ability to improve phylogenetic accu-
racy (Fig. 3), relative to a set of complete
characters of the same size. The implication
is that there is a clear bene�t to “�lling the
holes” in a data matrix, even when relatively
few taxa are missing data. The results also
imply that, given a �nite amountof data that
can be added to an existing matrix, it may be
far more bene�cial to sample a small set of
characters for all the taxa than to seek out
a large number of characters for a smaller
sample of taxa (Fig. 5). This result under-
scores the value of morphological data in
phylogeny reconstruction, data that gener-
ally offer a limited number of characters rel-
ative to molecular data sets but that may
often be obtained from a more complete
sampling of taxa (Hillis, 1987).

An Alternative Method for Excluding Missing
Data: Deleting Incomplete Taxa

This study has dealt primarily with the
consequences of including versus excluding
sets of characters with missing data while
holding the number of taxa constant. An
alternative way of reducing the amount of
missing data may be to exclude those taxa
that are scored for only one set of charac-
ters. However, this approach has at least two
important disadvantages. First, it limits the
taxonomic scope of the study. Even if a phy-
logenetic analysis were guaranteed to yield
the correct phylogeny for 4 taxa, this phy-
logeny may be considerably less useful than
having a hypothesis for 16 taxa that may
be only partly correct (Wiens and Reeder,
1995).The second disadvantageis thatdelet-

ing taxa may decrease accuracy, a possibil-
ity con�rmed by some of the results of this
study (Fig. 8). This result may depend on
how the taxa are sampled, but even when
the complete taxa are spaced evenly on the
tree (a favorable scenario for exclusion), an
analysis restricted to the complete taxa may
be less accurate than one that includes all
taxa but prunes incomplete taxa from the
shortest trees (i.e., standardizingthe number
of taxa between analyses). Using subsam-
pling experiments with viruses and lizards,
Wiens and Reeder (1995) found that inclu-
sion of incomplete taxa seemed to decrease
slightly the overall accuracy of estimated
trees. However, they did not standardize
their results for the number of taxa,and their
two study groups included only closely re-
lated taxa, groups where long branches and
incomplete taxon sampling are less likely
to be misleading. Although it may be use-
ful in some cases (e.g., Wilkinson, 1995),
the practice of excluding taxa to minimize
missingdatais potentiallyproblematic—not
only because it restricts the taxonomic scope
of the analysis, but also because it invokes
the same problem (limited taxon sampling)
that makes characters with missing data po-
tentially misleading. These results further
support the practice of including more taxa
rather than avoiding relatively incomplete
taxa, but this choice remains a problem in
need of further study.

CONCLUSIONS AND CAVEATS

Systematists may use a variety of criteria
for including or excluding characters in a
phylogenetic analysis. This study tests the
consequences of including characters with
many missing data cells to provide some ba-
sis for deciding whether to include or ex-
clude these characters in empirical studies.
The results generally support the inclusion
of these characters, but they also suggest
that such characters should not be added
uncritically, and some criteria are suggested
that may help predict whether including
these characters will be advantageous or
hazardous in a speci�c case. Of course, from
the philosophical perspective of “total evi-
dence,” one could argue that all characters
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should always be included (Kluge, 1989);
in fact, this view is not really contradicted by
these particular results (i.e., on average, in-
cluding does give more accurate estimates).
Even if one accepts this view and considers
“to include or not to include” a moot ques-
tion, the results show a surprising bene�t for
“�lling the holes” in a data matrix as much
as possible and for designing studies to em-
phasize complete sampling of taxa versus
greater sampling of characters.

Because the results are based on simula-
tions, they should be taken with some cau-
tion. Simulated data sets are greatly sim-
pli�ed relative to those in the real world.
Major simplifying assumptions of this study
include (1) all characters evolve at the same
ratewithin and between data sets, (2) branch
lengths areequal amonglineages, and (3) the
distribution of missing data is independent
of changes in the characters. Nevertheless,
it is the simplicity of these simulations that
makes it possible to isolate the effects of
missing data and other relevant parame-
ters on phylogenetic accuracy. Furthermore,
the major results of this study are robust
to changes in a number of parameters and
methods, including tree shape, number of
taxa, number of characters, branch lengths,
data type (binary vs. four unordered states),
different ways of distributing missing data,
and different ways of measuring accuracy.
Given the robustness of these results to a va-
riety of simulated conditions, it seems likely
they will apply to many empirical data sets
as well.

Finally, this study has been limited to the
effects of missing data on parsimony analy-
sis and, more speci�cally, to how they af-
fect parsimony analysis when treated as
ambiguities. Although the majority of phy-
logenetic studies use parsimony (e.g.,
Sanderson et al., 1993) and the treatment
of missing data by current parsimony algo-
rithms appears reasonable, the conclusions
of this study may not apply to other phylo-
genetic methods (e.g., distance, likelihood)
or other ways of handling missing data with
parsimony.
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