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Abstract

With only four alternative character states, parallelisms and reversals are expected to occur frequently when using nucleotide
characters for phylogenetic inference. Greater available character-state space has been described as one of the advantages of third
codon positions relative to first and second codon positions, as well as amino acids relative to nucleotides. We used simulations to
quantify how character-state space and rate of evolution relate to one another, and how this relationship is affected by differences in:
tree topology, branch lengths, rate heterogeneity among sites, probability of change among states, and frequency of character states.
Specifically, we examined how inferred tree lengths, consistency and retention indices, and accuracy of phylogenetic inference are
affected. Our results indicate that the relatively small increases in the character-state space evident in empirical data matrices can
provide enormous benefits for the accuracy of phylogenetic inference. This advantage may become more pronounced with unequal
probabilities of change among states. Although increased character-state space greatly improved the accuracy of topology inference,
improvements in the estimation of the correct tree length were less apparent. Accuracy and inferred tree length improved most when

character-state space increased initially; further increases provided more modest improvements.

© The Willi Hennig Society 2004.

Limited character-state space is one of the disadvan-
tages of using nucleotide characters for phylogenetic
inference (Lanyon, 1988; Mishler et al., 1988; Brooks
and McLennan, 1994). With only four possible character
states, parallelisms and reversals are expected to occur
frequently. The potential character-state space can be
particularly limited at nucleotide positions for which
there are strong selective constraints to code for a
particular amino acid, as well as in lineages with radically
skewed base compositions (Meyer, 1994), such as the
mitochondrial genomes of honeybees and ticks (Black
and Roehrdanz, 1998). Because of their comparatively
slowly evolving nature, first and second codon positions
have often been favored over third codon positions for
phylogenetic inference (e.g. Meyer and Wilson, 1990;
Edwards et al., 1991). However, first and second codon
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positions may retain less phylogenetic signal than third
codon positions because of their selective constraints
(Irwin et al., 1991). For example, Naylor et al. (1995)
ascribed the limited potential character-state space of
many mitochondrial second codon positions to their
requirement of coding for hydrophobic residues—for
which 24 of the 26 codons have a thymine or cytosine at
the second codon position—in segments of genes enco-
ding membrane-spanning amino acids. As Naylor et al.
(1995, p. 565) stated:

If the ““character state space’ (the number of possible states a
site can exhibit) of a slowly evolving site is highly constrained, it
could retain less phylogenetic information than a more rapidly
evolving site for which more character states are available,
because the probability that multiple substitutions will result in
chance matches (homoplasy) across taxa increases as character-
state space becomes more tightly constrained.

Given sufficiently low constraints, even rapidly evol-
ving characters may be useful for inferring ancient
cladogenic events (Orti and Meyer, 1996). Indeed,
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several studies have documented a greater phylogenetic
signal from third codon positions relative to their
corresponding first and second codon positions—even
for basal clades (e.g. Manhart, 1994; Lewis et al., 1997;
Bjorklund, 1999; Killersjo et al., 1999; Wenzel and
Siddall, 1999; Campbell et al., 2000; Sennblad and
Bremer, 2000; Simmons et al., 2002).

The relative increase in character-state space is one of
the three advantages (the others being less sensitive to
changes in nucleotide composition, and avoiding the
potential saturation of silent substitutions) of using
amino acid characters (Simmons, in press), which have
20 potential alternative states, instead of nucleotide
characters for phylogenetic inference (Albert et al.,
1994; Frohlich and Parker, 2000). However, there are
functional constraints on proteins that limit the avail-
able character-state space at any given amino acid
position (Dayhoff et al., 1972; Miyamoto and Fitch,
1995; Naylor and Gerstein, 2000). For example, in their
study of 35 empirical matrices, Simmons et al. (submit-
ted) found that the percentage increase in character-
state space for parsimony-informative amino acid
characters relative to parsimony-informative nucleotide
characters ranged from —5% to 160%, with an average
of only 50.4%.

Limited character-state space has been described as
restricting our ability to infer divergence among taxa
(Chapman et al., 1979), a reason for greater homoplasy
in transitions than transversions (Broughton et al.,
2000), a basis for differential performance among genes
(Davis et al., 1998; Prychitko and Moore, 2000), and as
a reason to explain our difficulty in reconstructing
ancient phylogenetic relationships (Baldauf, 2003). With
sufficiently large character-state space, parallelisms and
reversals become rare, and parsimony will be statisti-
cally consistent (Steel and Penny, 2000).

We expect that the only way for faster evolving
characters to have a greater phylogenetic signal than a
greater number of slower evolving characters is if the
faster evolving characters have a greater character-state
space (assuming the same number of total substitutions
for a greater number of slowly evolving characters). This
expectation should hold given identical relative frequen-
cies of character states, relative probabilities of change
among states, and identical shifts (if any) in character-
state frequencies among lineages. In this project, we
addressed two questions. First, how do character-state
space and rate of evolution affect the frequencies of
convergences, parallelisms, and reversals—the bases for
homoplasy and long-branch attraction (Felsenstein,
1978a)? For example, is twice the rate of evolution
always offset by twice the character-state space with
respect to the accuracy of phylogenetic inference?
(Herein, accuracy is used to refer to the ability to recon-
struct the model tree topology and/or the simulated
amount of evolution.) Second, how is the relationship

between character-state space and rate of evolution
affected by differences in: tree topology, branch lengths,
rate heterogeneity among sites, probability of change
among states, and frequency of character states? We
addressed these two questions using simulations. These
questions are relevant when considering the advantage
of increased character-state space for third codon
positions relative to first and second codon positions,
as well as the increased state space for amino acids
relative to nucleotides.

Materials and methods

For any given rate of evolution, given the same
number of characters but different character-state space,
the same number of substitutions occurs. However, our
ability to infer those substitutions varies depending on
the character-state space of those characters. We
performed simulations in which we varied the number
of potential character states while keeping the expected
number of substitutions constant. The number of
unobserved substitutions was determined by subtracting
the most-parsimonious tree lengths from the expected
number of substitutions that occurred when simulating
the evolution of the characters for that matrix. The
relative frequencies of convergences and reversals were
estimated using the ensemble consistency (CI; Kluge and
Farris, 1969) and retention indices (RI; Farris, 1989) for
each matrix.

Matrices were simulated using the Evolver program
within the PAML suite (Yang, 1997). The “MCaa.dat”
parameter file, which allows up to 20 character states,
was used with a proportional model of evolution (i.e.,
the probability of change from one character state to
another is proportional to their frequencies). Character-
state space was varied from two to 20 states, in
increments of one for two through six, and increments
of two from six through 20. One hundred replicate
matrices were simulated for each set of model param-
eters. One-thousand characters were simulated for each
matrix to reduce stochastic errors caused by use of fewer
characters, and to emulate the number of characters that
are generally available in single gene-tree analyses. The
initial simulation was based on equal rates among sites,
equal frequencies of character states, and equal proba-
bilities of change among character states, following the
Jukes and Cantor (1969) model.

Characters were simulated onto an unrooted, fully
symmetrical tree with 32 terminals, in which all branches
were of equal length. Thirty-two terminals were selected
to represent a biologically interesting sample size (i.e.,
representative of many empirical studies), and to allow
thousands of separate tree searches to be computation-
ally tractable, given the exponential increase in numbers
of possible trees with increasing numbers of terminals
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Table 1

Simulations performed using different model parameters and character-state spaces

Simulation model

Rates among sites Frequencies of states Prob. of change among states State spaces examined
equal equal equal all

gamma o= 5.0 equal equal all

gamma o= 0.5 equal equal all

equal half + 25%, half —25% equal 2, 4, 620

equal half + 50%, half — 50% equal 2,4, 620

equal equal > rate between groups 4, 6-20

equal equal Ya rate between groups 4, 6-20

(Felsenstein, 1978b). Characters also were simulated
onto an unrooted, completely asymmetrical tree in
which all branches were of equal length, as well as a
rooted, completely asymmetrical tree in which the
terminal branch lengths varied according to a molecular
clock (all internal branches were of equal length, at one
branch-segment long [see below]). The latter produced
very long branches (i.e., branches consisting of many
branch segments) leading to “basal” (i.e. early derived)
terminals relative to those leading to the ““distal” (i.e.
recently derived) terminals. This discrepancy in branch
lengths, coupled with the comparatively short internal
branch lengths, made long-branch attraction likely to
occur. Each of the symmetrical and asymmetrical trees
had 61 total branches, of which 32 were terminal
branches and 29 were internal branches.

The rate of evolution per branch segment was varied
from 0.01 to 0.5, in increments of 0.05 (except for the
first increment from 0.01 to 0.05), for a total of 11 rates.
There were 61 branch segments (corresponding to the
61 total branches) for the symmetrical tree and the
unrooted, asymmetrical tree with equal branch lengths.
In contrast, there were 526 branch segments for the
rooted, asymmetrical tree with unequal branch lengths
according to a molecular clock. The expected number of
changes per character ranged from 0.61 to 30.5 for the
symmetrical tree and asymmetrical tree with equal
branch lengths, and 5.26-263 for the asymmetrical tree
with unequal branch lengths. These numbers of changes
per character were selected so as to bracket the
biologically interesting (i.e. reflective of variation in
empirical data) number of character-state changes for a
matrix of 32 terminals, and to produce matrices for
which the correct topology would be difficult to recon-
struct. At extremely low rates of evolution, in which
parsimony-informative characters undergo a single
character-state change across the entire tree, increases
in character-state space are trivial because no conver-
gences or reversals can occur.

In the context of differential character-state space,
the complexity of the simulation model was increased
to examine the effects of: (1) rate heterogeneity, (2)
unequal frequencies of character states, and (3)

unequal probabilities of change among characters on
the ability to accurately infer the amount of evolution-
ary change (i.e. tree lengths), homoplasy, and topolo-
gical accuracy of inferred trees (Table 1). Rate
heterogeneity, unequal frequencies of character states,
and unequal probabilities of change among characters
were examined independently of one another on the
symmetrical tree with equal branch lengths. Gamma-
distributed rates (Yang, 1993) were used to simulate
rate heterogeneity. Moderate (o = 5) and extreme
(a0 = 0.5, following Hillis’ 1998 and Yang’s 1998
simulations) rate heterogeneities were examined, with
eight categories for the discrete gamma.

Unequal frequencies of character states were examined
in which half of the character states were increased in
frequency by 25% and the other half were decreased by
25%. More severe imbalances in character-state frequen-
cies were then examined in which half of the character
states were increased in frequency by 50%, and the other
half were decreased by 50%. These simulations were only
performed for even numbers of character states, from two
to 20. Character-state frequencies were rounded to the
nearest hundredth. Because a proportional model was
used, character states were more likely to change to states
represented in high frequency than to states represented
in low frequency. These simulations are analogous to
Felsenstein’s (1981) model in which unequal nucleotide
frequencies are permitted, while only a single substitution
rate is allowed.

Unequal probabilities of change among states were
simulated while maintaining equal character-state fre-
quencies, using the approach outlined by Yang et al.
(1998). Character states for each simulation were
separated into two groups of equal size (only even
numbers of character states were examined, from four to
20). Character-state changes between groups were set at
half the rate of changes within groups. To increase the
discrepancy in rates, character-state changes between
groups were separately set at one-quarter the rate of
changes within groups. These simulations are analogous
to Kimura’s (1980) two-parameter model in which
transitions may occur at different rates than transver-
sions.
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Equally weighted parsimony tree searches were per-
formed using PAUP* 4.0b10 (Swofford, 2002) with
batch files running on PCs. Tree searches for each
matrix entailed 100 tree-bisection-reconnection (TBR)
searches, each with random taxon addition and a
maximum of 1000 trees held. A maximum of 10 000
trees were potentially held for each matrix; trees found
in the 100 separate TBR searches were not swapped to
completion. PAUP* calculated a strict consensus tree
(Schuh and Polhemus, 1980; Sokal and Rohlf, 1981),
and output the most parsimonious tree length, CI
(excluding parsimony-uninformative characters), and
RI for each matrix.

Observed state space was determined for characters
evolving at equal rates among sites, with equal frequen-
cies of character states, and equal probabilities of
change among character states on: (1) the unrooted,
fully symmetrical tree, (2) the unrooted, completely
asymmetrical tree in which all branches were of equal
length, and (3) the rooted, completely asymmetrical tree
in which the terminal branch lengths varied according to
a molecular clock. The observed state space was
determined using the formula: (number of parsimony-
informative characters + minimum tree length)/number
of parsimony-informative characters.

PEST v. 2.2 (Zujko-Miller and Miller, 2003) was
used to determine the congruence and incongruence
between the strict consensus tree and the reference tree
(i.e., the tree topology on which the characters were
simulated) for each matrix. The maximum congruence
score was 29, for all clades correctly resolved. Like-
wise, the maximum incongruence score was —29, in
which all clades from the reference tree were contra-
dicted in the strict consensus tree. Following Simmons
and Miya (in press), we measured the performance of
phylogenetic inference for each matrix by subtracting
the number of clades incorrectly resolved from the
number of clades correctly resolved, resulting in a
possible range of performance from +29 to —29. No
penalty was assessed for unresolved clades in the strict
consensus. Note that our use of PEST was not a
particularly sensitive approach to measuring phylo-
genetic signal (i.e., character covariation; Archie, 1989;
Faith and Cranston, 1991) in each matrix because the
amount of branch support for each clade was not
considered, but should be included (Killersjé et al.,
1992). However, because 100 replicates were used for
each set of model parameters, our approach was
sensitive in the sense that weakly supported branches
would be unlikely to be resolved in many replicates,
whereas strongly supported branches would be con-
sistently resolved in most or all of the 100 replicates.
The average congruence, incongruence, tree length, CI,
RI, and observed character-state space for each group
of 100 replicates were determined using the program
CONDENSE, which was written by Aaron Reeves

(available at:
Research/).

http://www.biology.colostate.edu/

Results and discussion

Supplemental data, including simulation parameter
files, strict consensus trees, PAUP* log files, PEST
outputs, and an Excel file of all of the data and figures
are posted at: http://www.biology.colostate.edu/
Research/. Results for characters with a state space
from 2 to 20 with equal frequencies of character states,
equal probability of change between character states,
and without rate heterogeneity, simulated on a com-
pletely symmetrical tree topology with equal length
branches, are shown in Fig. 1. Results for characters
with a state space from 2 to 20, with equal frequencies of
character states, equal probability of change between
character states, and without rate heterogeneity, simu-
lated on a completely asymmetrical tree topology with
all branches of equal length are presented in Fig. 2.
Results for characters with state space from 2 to 20, with
equal frequencies of character states, equal probability
of change between character states, and without rate
heterogeneity, simulated on a completely asymmetrical
tree topology with unequal length branches according to
a molecular clock are presented in Fig. 3. The overall
success of resolution (number of clades correctly
resolved minus the number of clades incorrectly
resolved) for the 29 clades relative to the rate of
evolution, using characters simulated under different
parameters, on a completely symmetrical tree topology,
are shown in Fig. 4. Results for characters with a state
space of four, simulated using different parameters on a
completely symmetrical tree topology with equal length
branches are presented in Fig. 5 (including results for
the completely asymmetrical tree topology). Results for
characters with state space of four, simulated using
different parameters on a completely asymmetrical tree
topology with unequal length branches according to a
molecular clock are shown in Fig. 6. The results for
characters with a state space of four were chosen as
exemplars, because four states was the lowest number
included in all sets of simulations, and was applicable to
both nucleotide and amino acid characters. The
observed state space for characters with a simulated
state space from 2 to 20 with equal frequencies of
character states, equal probability of change between
character states, and without rate heterogeneity are
presented in Fig. 7.

Caution is urged when directly extrapolating results
from the simulations to empirical matrices because the
simulations assume that character-state space remains
constant in all lineages throughout time. This assump-
tion is unrealistic as predicted by the covarion
theory (Fitch and Markowitz, 1970), and because the
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Fig. 1. Results for characters with state space from 2 to 20 with equal frequencies of character states, equal probability of change between character
states, and without rate heterogeneity, simulated on a completely symmetrical tree topology with equal length branches. (A) Observed tree lengths
plotted relative to the rate of evolution along each branch. The boldface line indicates the average simulated tree length. (B) CIs for parsimony-
informative characters relative to the rate of evolution. (C) RlIs relative to the rate of evolution. (D) Overall success of resolution (number of clades
correctly resolved minus the number of clades incorrectly resolved) for the 29 clades relative to the rate of evolution.

degeneracy of first and third codon positions varies
depending on which amino acid the codon specifies at
any given time.

Relative advantages of increased character-state space

When the character-state space is low (i.e. two to
three), relatively small increases can considerably
improve the accuracy of phylogenetic inference. For
example, at a rate of evolution of 0.5 per branch for a
symmetrical tree with equal length branches, increasing
the state space from two to three resulted in an increase
from an overall success of resolution of —10% (-2.91
clades) to +50% (14.37 clades), and an increase from
two to four resulted in an increase to +73% (21.13
clades; Fig. 1D). This impressive increase in accuracy
arose despite more modest increases in estimations of

tree length. For example, at a rate of evolution of 0.5 per
branch, increasing the state space from two to three
resulted in 34% (3251.8) more steps inferred, and an
increase from two to four resulted in 51% (4900.75)
more steps inferred (Fig. 1A). Although similar results
were obtained under a completely asymmetrical tree
topology with all branches of equal length (Fig. 2A, D),
our results for a completely asymmetrical tree topology
with unequal branch lengths according to a molecular
clock produced considerably less impressive increases in
accuracy at higher rates of evolution, despite compar-
able increases in inferred tree length. For example, at a
rate of 0.5 per branch segment, the overall success of
resolution increased from —26.63 to —25.46, accounting
for an average increase in accuracy of just over a single
clade (Fig. 3D). Likewise, although there were 43%
(4227.16) more steps inferred when increasing the state
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space from two to three at a rate of 0.5 per branch
segment, that increase accounted for less than 2% of the
steps that actually occurred during the simulations
(Fig. 3A). Further increases in character-state space
provided more modest improvements in inferred tree
lengths. For example, with four times the state space
(from five to 20 states), only 34% (6035.93) more steps
were inferred at a rate of 0.25 per branch segment on the
asymmetrical tree with unequal branch lengths
(Fig. 3A). Although dramatic increases in accuracy of
resolution were observed at lower rates of evolution
with increased state space (e.g. an increase in overall
success of resolution from 2.47 to 16.13 at a rate of 0.05
per branch segment when increasing state space from 5
to 20), these increases declined dramatically at higher
rates of evolution (e.g. an increase in overall success of
resolution from —22.51 to —21.2 at a rate of 0.45 per
branch segment when increasing state space from 5 to
20; Fig. 3D).

Given equal branch lengths, increases in state space
were more beneficial for the accuracy of resolution at
higher rates of evolution on asymmetrical trees than on
symmetrical trees. For example, at a rate of 0.3 per
branch, an increase of state space from two to four led
to a 57% increase in overall success of resolution (to
98.8%) on the symmetrical tree, and an 8% increase in
overall success (to 100%) on the asymmetrical tree.
However, at a rate of 0.5 per branch, the same increase
in state space lead to an increase from an overall success
of resolution of —10% (—2.91 clades) to +73% (21.13
clades) on the symmetrical tree, and a still-more-
dramatic increase from -78% (—22.69 clades) to
+98% (28.55 clades) on the asymmetrical tree (Figs 1D
and 2D). Based on inspection of the strict consensus tree
files, the dramatic failure of accurate resolution at high
rates of evolution on an asymmetrical tree with branches
of equal length appears to be caused largely by
long-branch attraction—both between closely related
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terminals as well as between distantly related terminals
(results not shown; available as supplemental data).

Rate heterogeneity among characters and between states

As may be expected, increasing rate heterogeneity
among characters led to progressively more severe
underestimates of the number of substitutions that
occurred (Figs 5A, 6A) because increasingly more
changes are concentrated at particular characters, lead-
ing to multiple hits along individual branches (i.e.
saturation). However, increased rate heterogeneity
among characters actually can be beneficial for inferring
the tree topology (Figs 4A,B, 5D, 6D), as predicted by
Hillis (1987). That is, rapidly evolving characters may be
useful for resolving recently diverged clades, whereas
slowly evolving characters may be beneficial for resol-
ving earlier diverging clades. This result holds for both

the symmetrical tree with equal length branches, as well
as the asymmetrical tree with unequal length branches
(albeit at higher rates of evolution only; Fig. 6D), and is
therefore expected to be a general phenomenon. Despite
this, there must be a threshold beyond which the rate
heterogeneity becomes too extreme to be beneficial.
Progressively more extreme unequal probabilities of
change among states actually can be advantageous for
phylogenetic inference (Figs 4E,F, 5D). This may be
explained by synapomorphies based on improbable
changes being retained, while frequent changes simply
cancel each other out as noise (Hillis, 1996; Wenzel and
Siddall, 1999). This is the same basic phenomenon as
seen for rate heterogeneity among characters, albeit with
relatively infrequent changes among particular states of
the characters, rather than different probabilities of
change amongst the characters themselves. Note that
unequal probabilities of change among states is not
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universally advantageous for phylogenetic inference, as
shown by the lower overall success of resolution at the
slowest examined rate of evolution on the asymmetrical
tree with unequal branch lengths (Fig. 6D; non-over-
lapping 95% confidence intervals at rate of 0.01 when
comparing simulations in which the probability of
change among all states was equal, relative to those in
which character-state changes between groups were set
at one-quarter the rate of changes within groups). As
with rate heterogeneity among characters, there must be
a point beyond which increased unequal probabilities of
change among states is disadvantageous. Silent transi-
tions generally occur more often than replacement
transversions at third codon positions (e.g. Graur and
Li, 2000). However, our results indicate that this factor
does not necessarily counter the greater character-state
space of third codon positions relative to first and
second codon positions, at which the difference in

transition-transversion rate may be less extreme. Up to a
point, this discrepancy may be advantageous for third
codon positions.

Unequal frequencies of character states

In contrast to rate heterogeneity among characters
and between character states, unequal frequencies of
character states (with a proportional model of charac-
ter-state change) appear to be generally disadvantageous
for phylogenetic inference (Figs 4C,D, 5D, 6D). The
only conditions explored here in which unequal state
frequencies significantly outperformed equal state fre-
quencies were at very high rates of evolution (0.45 and
0.5) for characters with a state space of two on the
symmetrical tree with equal branch lengths, and then
only when half of the character states were increased in
frequency by 25% and the other half were decreased by
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25% (Fig. 4C; non-overlapping 95% confidence inter-
vals at rates 0.45 and 0.5).

The simulations involving unequal frequencies of
character states, with their proportional model of
character-state change, share a common feature with
the simulations of characters with unequal probabilities
of change among states—differential substitution prob-
abilities. The important differentiating factor between
these simulations is that with unequal state frequencies,
synapomorphies based on changes from the more
frequently represented states to less frequently represen-
ted states are liable to be rapidly overwritten by reverse
substitutions, thereby obscuring those synapomorphies.
As such, unequal frequencies of character states are not
expected to be a generally advantageous property of
characters for phylogenetic inference—even when there
is an equal frequency of change between rare and
common states (Collins et al., 1994; Perna and Kocher,
1995; Eyre-Walker, 1998).

Shifts in nucleotide composition are generally most
pronounced at third codon positions (e.g. Prager and
Wilson, 1988; Hasegawa et al., 1993; Klenk and Zillig,
1994; Nishiyama and Kato, 1999; Wirth et al., 1999), at
which most substitutions are silent (except in some cases
of positive selection). So, in addition to convergent shifts
in nucleotide composition leading to the same problem
as long-branch attraction, wherein unrelated lineages
that derive similar nucleotide compositions can be
resolved as sister groups (Lockhart et al., 1992), these
shifts in state frequencies can also decrease the advant-
age of increased character-state space at third codon
positions.

Statistical consistency of parsimony
When the character-state space is sufficiently high, it is

possible for the overall success of phylogenetic recon-
struction to be > 95%, even with extremely high rates of
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evolution. For example, with a state space of 10, the
overall success of resolution averaged 95% on the
symmetrical tree with equal branch lengths, despite a
rate of evolution of 0.5 along each branch (Fig. 1D).
This result corresponds with Steel and Penny’s (2000)
proof that parsimony will be statistically consistent
given a sufficiently large character-state space.
However, under certain topology and branch length
combinations, an enormous state space may be required
to achieve consistency. For example, despite 20 alter-
native character states, represented in equal frequency,
an equal probability of change among states, and a
relatively low rate of evolution (0.01 per branch
segment), the overall success of resolution averaged
92%, rather than 100%, for the completely asymmetri-
cal tree with unequal branch lengths according to a
molecular clock (Fig. 3D). Although part of this (an
average of 0.8 clades) could be attributed to a lack of
resolution in the strict consensus trees, cases of long-
branch attraction were evident (an average of 0.7 clades;
results not shown; available as supplemental data).

Consistency and retention indices

Given the same character-state space and model of
evolution, decreases in CI and RI were found to be
predictive of decreased accuracy of tree length estima-
tion (Figs 1A-C, 2A—-C, 3A—C). This pattern also often
applied to the accuracy of the overall success of
phylogenetic resolution (Figs 1B-D, 2B-D, 3B-D),
although relatively low CIs and RIs did not necessarily
mean that the tree topologies would be inferred incor-
rectly. For example, although the CI averaged 0.46, and

the RI averaged 0.4, an average overall success of
resolution was 95% with a state space of 10 simulated
on the symmetrical tree with equal branch lengths at a
rate of evolution of 0.5 (Fig. 1B-D). Likewise, although
the CI decreased from 0.67 to 0.16, and the RI decreased
from 0.85 to 0.48, when the rate of evolution was
increased from 0.01 to 0.15 the average overall success
of resolution was 99% with a state space of two
simulated on the symmetrical tree with equal branch
lengths (Fig. 1B-D). These results are consistent with
the many empirical studies that have documented a
strong phylogenetic signal from characters with relat-
ively high levels of homoplasy (e.g. Manhart, 1994;
Lewis et al., 1997; Bjorklund, 1999; Killersjo et al.,
1999; Wenzel and Siddall, 1999; Campbell et al., 2000;
Sennblad and Bremer, 2000; Simmons et al., 2002).
Given the same state space, overall rate of evolution,
and underlying tree topology and branch lengths,
similar CIs and RIs do not necessarily equate to
equivalent performance for tree-topology estimation
when groups of characters are evolving under different
parameters. This was found to apply to differential state
frequencies, probability of change among states, and
rate heterogeneity among sites (Fig. 4A-F; CIs and RlIs
available as supplemental data). Consider the following
examples for characters with a state space of two
simulated on the symmetrical tree with equal branch
lengths, and a rate of 0.5 along each branch. Under
equal state frequencies, identical probabilities of change,
and no rate heterogeneity, CI = 0.1, RI = 0.32, and the
overall success of resolution was —2.91 clades (Fig. 1B—
D). Yet, given moderate differential state frequencies
and similar overall levels of homoplasy (CI = 0.11,
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RI = 0.27), the overall success of resolution increased
to +4.45 clades (Fig. 4C). Likewise, given a moderate
rate heterogeneity among characters (gamma distribu-
tion with ao= 5.0; Fig. 4A) and similar overall levels of
homoplasy (CI = 0.11, RI = 0.33), the overall success
of resolution increased to +7.33 clades. These results
confirm the importance of not comparing CIs and RIs
between groups of characters (e.g. molecular versus
morphological, rDNA versus protein-coding genes,
nucleotides versus amino acids) to ascertain their
relative phylogenetic signal, even when the same taxa
are sampled and the same tree topology is examined.

Observed character-state space

Other than the trivial case in which the simulated state
space was two, the average observed state space for the
parsimony-informative characters was generally less
than the simulated state space (Fig. 7). Regardless of
the tree topology/relative branch lengths on which the
characters were simulated, all characters showed an
asymptotic increase in state space as the rate of
evolution increased from 0.01 to 0.5 per branch
segment. The greater the simulated state space, the
higher the rate of evolution that was required before the
asymptote leveled off. This indicates that, when count-
ing the number of observed states in empirical data
matrices, the state space is more likely to be underes-
timated for characters that are evolving slowly and for
characters with a greater actual state space. Therefore,
the actual state space for amino acid characters will
generally be more severely underestimated than the
actual state space for their corresponding nucleotide
characters. The severity of the underestimate for first
and second codon positions relative to third codon
positions is less predictable, given that third codon
positions generally evolve faster and have a greater state
space. The severity of these underestimates may be
decreased through increased taxon and/or paralog
sampling.

Conclusions

Our results indicate that relatively small increases in
character-state space, as evident in empirical data
matrices when comparing first and second codon posi-
tions with third codon positions, and nucleotides with
amino acids, can provide enormous benefits for the
accuracy of phylogenetic inference. For example, if
parsimony-informative second codon positions have a
state space of two, while third codon positions have a
state space of four, third codon positions could accom-
modate twice the rate of evolution while providing
roughly equivalent phylogenetic signal (Figs 1D, 2D
and 3D). This advantage may become more pronounced

with unequal probabilities of change among states, as
may be expected to occur at twofold degenerate sites, as
well as transitions relative to transversions at fourfold
degenerate sites (e.g. Fitch, 1967; Collins and Jukes,
1994; Moriyama and Powell, 1997).

Likewise, although the observed increase in state
space for amino acids relative to their underlying
nucleotides in empirical data matrices (average of
50.4% for parsimony-informative characters reported
by Simmons et al. in press) is considerably less than
their potential fivefold increase, that increase can still be
tremendously beneficial for the accuracy of phylogenetic
inference. However, this benefit of using amino acid
characters instead of nucleotide characters must be
tempered by the loss of potential phylogenetic signal
caused by discarding silent substitutions (Albert et al.,
1994), convergence due to degeneracy of the genetic
code (Simmons, 2000), and the use of composite
characters that can create putative synapomorphies that
are not present in any of the corresponding nucleotide
characters (when considered individually; Simmons and
Freudenstein, 2002). The phylogenetic signal from both
nucleotide and amino acid characters for any given
protein-coding gene may be incorporated into a simul-
taneous analysis by using the non-redundant-coding-of-
dependent-characters method (Freudenstein et al.,
2003).
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