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The wealth of molecular data generated
over the past two decades has led to the
documentation of highly disparate rates of
molecular evolution among different taxa.
Among the more intriguing studies is that of
Martin and Palumbi (1993), who presented
data (their Table 2) derived from a variety
of vertebrate taxa purporting to show that
the rate of molecular evolution is inversely
correlated with body size (and its correlates:
metabolic rate, generation time, etc.). Their
hypothesis has been cited as a possible ex-
planation for variation in rate of molecular
evolution among different taxa (e.g., Hafner
et al., 1994; Rand, 1994; Stewart and Baker,
1994). We argue, however, that no such re-
lationship is evidenced from Martin and
Palumbi’s data and that the problem lies in
the fact that their distance-based estimates
for the rate of molecular evolution were un-
dercorrected for multiple substitutions.

In studies designed to estimate the rate
of molecular evolution based on DNA se-
quence distance data, it is critical that the
distances be adequately corrected for su-
perimposed substitutions. Otherwise, esti-
mates of the rate of molecular evolution will
show a decline through time. In their study,
Martin and Palumbi (1993) sampled a series
of estimated rates (their Table 2) of mito-
chondrial DNA (mtDNA) evolution for var-
ious vertebrate taxa from the literature. The
rates they sampled were based on restriction
fragment length polymorphism (RFLP) dis-
tances corrected for multiple substitutions

by use of equation 8 or 9 from Nei and Li
(1979). These equations provide distances
that correct for multiple substitutions under
the Jukes—Cantor model (JC; Jukes and Can-
tor, 1969) of nucleotide substitution, which
assumes that every type of substitution is
equally likely. Brown et al. (1979), however,
had shown that RFLP distances treated in
this manner increase curvilinearly through
timerather than linearly, demonstrating that
these distances are undercorrected for su-
perimposed substitutions.

From an examination of Martin and
Palumbi’s Table 2, it became clear to us that
the large-bodied pairs of taxa they sampled
tended to be associated with older diver-
gence times (linear regression of body size
on time: homeotherms, P = 0.016; poikilo-
therms, P = 0.029). This led us to suspect
that the inverse relationship between body
size and substitution rate observed by Mar-
tin and Palumbi might simply reflect the
propensity for rates of evolution based on
JC distances to decrease through time.

Brown et al. (1979) argued that the ma-
jor reason for the time-dependence of JC-
based rates of evolution is that the JC model
ignores variation among nucleotide sites
in substitution rate. Such rate variation is
ubiquitous, and the failure to account for
it will lead to underestimated evolutionary
rates (Yang, 1996). To investigate Martin and
Palumbi’s data in this context requires a
model that describes mathematically how
JC-based rates will decline through time if
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there is a quantifiable difference among nu-
cleotide sites in the substitution rate. Un-
der the JC model, the mean substitution rate
per site per million years for two sequences
Ric=211is

-3In (-2p, +1)

R[C = P

; (D)

where p; is the probability that a site will
vary between the two sequences after f units
(millions of years) of time have elapsed since
the common ancestral sequence. The JC
model can be generalized to allow A to vary
among nucleotide sites. Yang (1993) found
that the gamma distribution provides a rea-
sonable description of rate variation among
sites for observed molecular sequence data.
Under the gamma-JC model, p; = 0.75 -
0.75[a/ (o +2.67At)]* (Golding, 1983; Jin and
Nei, 1990), where a describes the shape of
the gamma distribution and 1 is the average
rate of substitution over all sites. Substitut-
ing this equation for p, in Equation 1 leads
to:

Re = 0, @)

We performed nonlinear least-squares
regressions of R on t under Equation
2. Because the homeotherms (entries 1-
9 in their Table 2) sampled by Martin
and Palumbi have clearly experienced a
higher rate of molecular evolution than
the poikilotherms (entries 10-17), we an-
alyzed the data for these two groups
separately, as did Martin and Palumbi.
Whenever a range of values was pre-
sented in Martin and Palumbi’s Table 2,
we used the midpoint. The nonlinear re-
gressions provided separate mean estimates

(@ and A) for the a and A parameters for
homeotherms and poikilotherms. The esti-
mated values for @ were then used to in-
fer specific values of A for each pair of
taxa by using equation 2. These estimated
specific 2 values were then regressed against
body size separately for homeotherms and
poikilotherms to test Martin and Palumbi’s
hypothesis.
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FIGURE 1. Nonlinear least-squares regression be-
tween Ric and f of Martin and Palumbi’s (1993:Table
2) data under the gamma-JC model, demonstrating the
dependence of Rjc on t for this data (MYA = millions of
years ago).

ResuLrs
For the homeotherms, nonlinear regres-

sion (Fig. 1) estimated @ as 0.140 and 1 as
0.017 substitutions per site per million years.
Thelow value for @ demonstrates strong rate
variation among sites, but this is typical for
mtDNA (Yang, 1996). Substituting the val-

ues for @ and 1 into Equation 2 results in
[Ric x t] = 1.47 + 0.105[In(0.140 + 0.045t)].
To test the significance of the regression, we
transformed the data for R, and ¢t as indi-
cated in the square brackets and performed
a linear regression.

This analysis was found to be significant
(P = 0.003). For the poikilotherms, nonlin-
ear regression (Fig. 1) estimated o as 0.583
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and 1 as 0.003 substitutions per site per mil-
lion years. A linear regression performed in
the same manner as before was not signif-
icant (P = 0.135). However, visual inspec-
tion of this regression shows a regular, but
curvilinear, relationship. The lack of signifi-
cance is due to the curvilinearity, which in-
dicates that even the gamma-JC model fails
to adequately correct for multiple substitu-
tions. Although more parameter-rich mod-
els would solve this problem, such models
cannot be applied to RFLP data because the
underlying sequences are not available.
Clearly, the R;c’s sampled by Martin and
Palumbi decline with time in a manner
predicted by the gamma-JC model. Further-
more, linear regression of estimated specific

A's against body size was not significant
for either homeotherms or poikilotherms
(homeotherms, P = 0.302; poikilotherms, P
= 0.418), demonstrating that Martin and
Palumbi’s data do not support their conclu-
sion of an inverse relationship between body
size and rate of molecular evolution.

DiscussioN

Our reanalysis of Martin and Palumbi’s
(1993) study underscores the importance of
adequately correcting distance-based esti-
mates of rates of molecular evolution for rate
variation among nucleotide sites. Failure to
dosoleads to several problems (Yang, 1996),
including misestimated times of divergence
(Arbogast and Slowinski, 1998), misesti-
mated substitution parameters (Wakeley,
1996), and spurious correlations between
rate of molecular evolution and life-history
parameters (this paper).

The obvious question that emerges from
our note is: Why were the large-bodied taxa
associated with older times of divergence?
Two possibilities exist: Either this is a coin-
cidence due to sampling error, or it reflects a
real evolutionary pattern. If the latter is cor-
rect, possibly large-bodied taxa experience
a lower rate of diversification, and hence
times of divergence among pairs of large-
bodied taxa are on average greater than for
small-bodied taxa. In fact, some evidence
indicates that small-bodied taxa do indeed
have a higher rate of diversification than

large-bodied taxa (Dial and Marzluff, 1988).
The point of our note has been to em-
phasize the importance of considering
among-site variation in studies of molec-
ular evolutionary rates, and to show how
the failure to do so led Martin and Palumbi
(1993) to erroneously infer an inverse re-
lationship between body size and the rate
of molecular evolution (within the context
of their data). For this purpose, our anal-
yses suffice. However, we point out that
when investigating whether a relationship
exists between the rate of molecular evolu-
tion and a life-history parameter for a set of
taxa, investigators must take the phylogeny
into account to avoid a possible spurious
relationship attributable to phylogenetic ef-
fects (Felsenstein, 1985, Harvey and Pagel,
1991). It is not immediately clear to us how
this could be done in the present context;
nonetheless, the alternative of not taking the
phylogeny into account is unacceptable.
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Apomorphy Distribution Is an Important Aspect of Cladogram
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In recent years there has been a great deal
of interest in the balance of cladograms,
which has generally come to be accepted
as meaning the extent to which the internal
nodes subtend clades of equal size (Fig. 1).
In particular, several studies have suggested
that a higher proportion of real cladograms
culled from the literature are unbalanced
(comb-shaped or pectinate) than would be
expected if they were produced by a ran-
dom Markovian branching process of spe-
ciation (Colless, 1982; Guyer and Slowin-
ski, 1991, 1993; Heard, 1992; Mooers et al.,
1995). One reason for the interest is method-
ological: If cladograms are statistically
unbalanced, they will contain a higher pro-
portion of long branch lengths than would
otherwise be expected, which has implica-
tions for the accuracy with which they re-
flect true phylogeny (Rohlf et al., 1990). A
more fundamental reason for the interest,
however, is that the findings may provide
important information about patterns and
processes of evolution (Heard, 1992, 1996;
Kirkpatrick and Slatkin, 1993; Mooers and

Heard, 1997; Bond and Opell, 1998).

A variety of potential methodological ar-
tifacts might produce a tendency for imbal-
ance in cladograms, even if no such pattern
exists in the underlying phylogeny (Col-
less, 1982, 1995; Guyer and Slowinski, 1991;
Mooers et al., 1995; Huelsenbeck and Kirk-
patrick, 1996). Nevertheless, if the method-
ological problems can be resolved (e.g., Far-
ris and Kaéllersjo, 1998), or at least if their ef-
fects can be adequately quantified, it should
be possible to study patterns of evolution
through using cladogram shape. This field
is in its infancy (Mooers and Heard, 1997).
Perhaps the mostfundamental question that
cladograms may help resolve is whether
evolution is largely stochastic and nonpro-
gressive (e.g. Gould, 1988), or if phyloge-
nies contain ingrained asymmetry, implying
nonrandom differences in the evolutionary
success of species.

An important aspect of cladogram sym-
metry has been overlooked in previous work
on the subject, namely, the distribution of
apomorphies. As discussed by Mindell et al.



