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Walsh et al. (1999) recently suggested an innovative ap-
plication of power analysis (Cohen 1977) to explore the na-
ture of polytomies (multifurcating rather than bifurcating re-
lationships) in phylogenetic inference. The frequent recovery
of polytomies in phylogenetic analyses has prompted sub-
stantial interest in the underlying biological nature of these
inferred polytomies. Many authors assume that polytomies
simply reflect the inability to resolve bifurcating relationships
(‘‘soft’’ polytomies) and suggest that additional data or im-
proved analyses will allow the recovery of the underlying
relationships (e.g., Maddison 1989; DeSalle et al. 1994). In
contrast, other researchers consider polytomous relationships
to be valid phylogenetic hypotheses reflecting multiple si-
multaneous speciation events (a ‘‘hard’’ polytomy; Hoelzer
and Melnick 1994a,b). Examining the differences between
these alternative viewpoints is extremely difficult, because
soft polytomies do not exhibit clear differences from hard
polytomies in phylogenetic analyses.

Specifically, Walsh et al. (1999) sought to determine
whether internal branch lengths which were not significantly
different from zero simply reflect an insufficient sample size
(amount of sequence data). The example developed by Walsh
et al. (1999) involved the polytomous relationships among
auklets (Charadriiformes: Alcidae) inferred using mitochon-
drial DNA sequences. Since this inferred polytomy might
reflect a soft polytomy (defined by Walsh et al. [1999] as
speciation during successive glacial/interglacial periods dur-
ing the late Pliocene and early Pleistocene) or a hard poly-
tomy (defined as multiple speciations during the same period
of climatic oscillation), Walsh et al. (1999) used power anal-
ysis to determine whether the number of base pairs (sites) of
sequence data obtained was sufficiently large to detect sub-
stitutions along the internal branches if the speciation was
not simultaneous (a soft polytomy). We found this an in-
novative application of classical power analysis and an ex-
cellent alternative to Monte Carlo simulation (e.g., Saitou
and Nei 1986; Hillis et al. 1994; Huelsenbeck et al. 1996).

We believe that an extremely important aspect of the work
by Walsh et al. (1999) is their clear statement of the alter-
native and null hypotheses concerning the differentiation be-
tween hard and soft polytomies. As they point out, ‘‘reso-
lution of the biological reality of polytomies is complicated
by the fact that a polytomy represents the null hypothesis for
phylogenetic reconstruction—all taxa are equally related—
and therefore cannot be proven.’’ By restating the problem

in the context of the power necessary to detect short internal
branches, Walsh et al. (1999) place the hypothesis of a hard
polytomy in a much more testable context. However, we were
surprised to find that power analysis suggests only 215 to
1237 base pairs of mitochondrial sequence data are required
for resolution of a soft polytomy in the auklets, as defined
by Walsh et al. (1999).

To further explore the study of polytomies in a statistical
context, we examined the implications of the inherent vari-
ance exhibited by the nucleotide substitution process. It is
clear that molecular evolution is a stochastic process with
the number, type, and position of fixed sequence differences
being determined by the processes of mutation, selection, and
genetic drift. The stochastic nature of molecular evolution
may have a profound impact upon the number of differences
observed during a specific time period and it is possible that
many fewer (or many more) mutations will be fixed during
a particular period of time than one expects based upon the
total number of substitutions in the phylogenetic tree.

Nucleotide substitution can be modeled as a Poisson pro-
cess (e.g., Wilson et al. 1987), with the probability (P) of N
nucleotide substitutions occurring during a given period of
time given by:

2m NP 5 (e m )/N! (1)

where m, the mean expected number of nucleotide substi-
tutions during a time period, is defined as:

m 5 Llt (2)

In equation (2), L is the sequence length (in base pairs), l
is the mean rate of nucleotide substitution (in substitutions
per site per year), and t is the time period considered (in
years). If one uses the estimate of evolutionary rate presented
by Walsh et al. (1999) (1.35 3 1028 substitutions per site
per year) and the largest sample size estimated by Walsh et
al. (1237 base pairs), the mean number of expected substi-
tutions (m) during 100,000 years is 1.67. However, based
upon equation (1), there is an 18.8 % probability of observing
no substitutions in that time period. In fact, using 215 base
pairs, the smallest sample size proposed by Walsh et al.
(1999), m 5 0.29 and there is a 74.8% probability of ob-
serving no substitutions at all.

The use of a Poisson model of substitution suggests an
alternative approach to assessing the sample size necessary
to see an effect, which we will define here as the presence
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of at least one substitution along an internal branch. From
equations (1) and (2) one can determine the sequence length
(L) necessary to be 95% confident that at least one substi-
tution will have occurred along a branch:

L 5 2log normal(0.05)/lt (3)

(other confidence intervals could be specified simply by
changing the numerator of equation 3). For the auklet prob-
lem, at least 2219 bp of mitochondrial sequence data are
required before one can be 95% confident that at least one
substitution will have occurred during a period of 100,000
years. Thus, our results imply that the stochastic nature of
molecular evolution reduces the power of phylogenetic anal-
ysis quite substantially, and one must obtain sequence in-
formation for a greater number of mitochondrial nucleotide
sites than implied by the results presented in Walsh et al.
(1999).

Considering the length of typical avian mitochondrial ge-
nomes (;16 kb) and assuming that l is constant across the
mitochondrial genome, the shortest period of time for which
one can be 95% confident of observing a substitution is ap-
proximately 14,000 years, even if complete mitochondrial
DNA sequences are obtained. Assuming that l is constant
across the mitochondrial genome may seem unrealistic given
a number of analyses documenting substantial differences in
the mean rate of evolution for different mitochondrial genes
as well as substantial among-site rate variation (e.g., Kumar
1996). However, studies that have documented substantial
rate variation in mitochondrial genomes have typically con-
sidered both synonymous and nonsynonymous sites, while
studies which have considered silent substitution rates have
concluded that there is little variation in the rate of evolution
for these sites across vertebrate mitochondrial genomes (Ned-
bal and Flynn 1998, and references cited therein). Since mu-
tations at synonymous sites predominate in comparisons of
recently diverged taxa, the impact of rate variation across the
mitochondrial genome is likely to be fairly limited for prob-
lems similar to the auklet example discussed by Walsh et al.
(1999).

Because synonymous sites are less affected by rate vari-
ation, we explored a simple extension of the method proposed
here by considering only synonymous substitutions. Exam-
ination of the complete Gallus gallus mitochondrial DNA
sequence (Desjardins and Morais 1990) indicates that 39 %
of sites in protein coding regions are synonymous positions.
One can then estimate the number of synonymous sites nec-
essary to be 95 % confident that at least one substitution has
occurred and then use the proportion of synonymous sites to
extrapolate the total number sites necessary. Using cyto-
chrome b sequence data from a recent avian phylogenetic
study (Kimball et al. 1999), we estimated that the mean rate
of synonymous substitutions is ;3.5 3 1028 substitutions
per synonymous site per year, similar to estimates obtained
in other vertebrate lineages (Brown et al. 1982). Thus, if one
assumes that there is little among-site rate variation in syn-
onymous sites (making the Poisson model appropriate) and
that substitutions at most nonsynonymous sites are con-
strained, 856 synonymous sites are sufficient to be 95 %
confident that at least one synonymous substitution would
have occurred during a 100,000 year period. This corresponds

to 2195 base pairs of mitochondrial coding sequence, which
is very similar to the estimate presented above that assumed
a simpler model of evolution.

Although this more complex model of sequence evolution
had a modest impact upon the apparent power of phylogenetic
analyses to resolve soft polytomies, the more complex model
does have profound implications regarding the distribution
of homoplasy. This can be illustrated by considering the prob-
ability that a single nucleotide change uniting two taxa is
obscured by a subsequent change in one taxon, reflecting
either the reversal of that change or a change to another
nucleotide obscuring the synapomorphy. For the auklet prob-
lem, the terminal branches correspond to ;2.6 million years
(Walsh et al. 1999). Using the values calculated by Walsh
et al. (1999) and assuming that l is constant across the se-
quences, the probability that a single synapomorphy will be
unaltered is 93.2%. In contrast, the probability that a single
synapomorphy at a more rapidly evolving synonymous site
will be unaffected by subsequent substitutions is 83.4%.
Thus, more realistic models of evolution that concentrate
changes in a smaller set of rapidly evolving sites, such as
the synonymous sites, will be more affected by homoplasy.
Since the impact of homoplasy upon inferences regarding the
nature of a polytomy would be affected by the number of
taxa examined and the distance to any outgroup sequences
included, there is no simple method to incorporate its effects
into the method we propose here. However, the use of Monte
Carlo simulation may ultimately prove to be an appropriate
method to examine polytomies in these more complex situ-
ations.

Regardless of the potential impact of homoplasy, we be-
lieve that our equation (3) can provide useful information.
When homoplasy has had little impact upon the data, it can
provide a realistic estimate of the sample size necessary to
differentiate between soft and hard polytomies. Since ho-
moplasy acts to degrade phylogenetic information, our pro-
posed method also provides a useful minimum sample size
for cases where homoplasy has had a significant impact upon
the data. One problem with this approach is its potential to
motivate the collection of large amounts of additional data,
which could potentially converge upon an incorrect estimate
of relationships (such as data that exhibit the long-branch
attraction phenomenon described by Felsenstein 1978). How-
ever, this concern is not relevant when analysis are under-
taken a posteriori, such as the case described by Walsh et
al. (1999). In such a situation, this method just allows an
assessment of the confidence which should be placed upon
short branches (i.e., if the probability of even a single nu-
cleotide substitution along a branch is below a specified val-
ue, such branches should be viewed with skepticism).

It should be possible to apply this approach in general to
sequence data, if biologically reasonable values for the evo-
lutionary rate and internode divergence time could be ob-
tained. A commonly used estimate for the mean rate of sub-
stitution (l) in vertebrate mitochondrial DNA is 1028 sub-
stitutions per site per year (which corresponds to 2% diver-
gence per million years; Brown 1983). This value has been
independently estimated in a variety of avian taxa (Klicka
and Zink 1997) and may be reasonable to use for avian mi-
tochondrial DNA when an independent estimate of l is not
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available. Likewise, the rate of 3.5 3 1028 substitutions per
synonymous site per year is likely to represent a reasonable
estimate for avian taxa if one focuses upon silent changes.
Estimates for internode divergence time can be obtained from
biogeographic or climatic changes which may be associated
with the relevant speciation events. Alternatively, other in-
formation such as typical intraspecific coalescence times
(e.g., Moore 1995) could be used.

Clearly, it is possible for analyses of this type to be con-
founded by the variation of rates among different lineages.
There is ample evidence for the variation of both synonymous
and nonsynonymous rates among taxa, although most studies
have shown that there is less variation in synonymous rates
(e.g., Muse and Gaut 1997). Although methods to better un-
derstand the impact of rate variation among lineages may be
extremely useful for these types of analyses, the majority of
evidence suggests that the rates similar to those used in this
study are appropriate for the majority of avian taxa (see
Klicka and Zink 1997 and references cited therein). Indeed,
these rate estimates may be especially helpful for use a priori
during experimental design, with refined values estimated
directly from the data being used whenever possible for anal-
yses conducted a posteriori.

The potential for bias in the estimation of internal branch
lengths due to homoplasy—especially if one considers more
complex models of evolution characterized by among-site
rate variation—suggests that the method we propose will pri-
marily be useful for recent divergences, such as the auklet
radiation which is thought to have occurred ;2.6 million
years ago (Walsh et al. 1999). Since we believe that the
minimum amount of data required to resolve a soft polytomy
must imply a reasonable likelihood that synapomorphies unit-
ing relevant taxa exist, any method for determining the power
of phylogenetic analyses under these conditions should find
sample sizes at least as large as those implied by our equation
(3). Like other problems in phylogenetics, such analyses may
ultimately reveal that specific questions cannot be adequately
resolved. Despite these problems, we are confident that fur-
ther examination of the underlying biology of hard polyto-
mies will provide insights into evolutionary processes, and
the approaches suggested in this paper and by Walsh et al.
(1999) should provide an excellent foundation for identifi-
cation of hard polytomies in future analyses.
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