Comparative methods using
phylogenetically independent
contrasts
AUSTIN BURT
I. INTRODUCTION
As the data base of biology grows at its ever increasing pace, comparisons
among species are becoming an increasingly popular means of testing
evolutionary and ecological theory. Among the more common analyses are
tests of association between two variables across some defined set of species;
the variables of interest may be properties of individuals (e.g. testis size,
Harcourt et al. 1981), of populations (e.g. genetic polymorphism, Nevo et al.
1984), or of the whole species (e.g. number of pests, Strong et al. 1984).
Concurrent with this trend has been a growing appreciation of the statistical
properties of such comparisons, in particular the 'problem of phylogeny',
and a widening array of statistical methods from which a comparative
biologist may choose (e.g. Harvey and Mace 1982; Ridley 1983; CluttonBrock and Harvey 1984; Felsenstein 1985; Bell 1989; Grafen 1989; see review
by Pagel and Harvey 1988a). In this Chapter, I try to put some of the issues
into perspective and to expand upon one particularly promising approach to
working with comparative data. I first discuss in detail the consequences of
phylogenetic similarity-the common observation that closely related species
are more similar than distantly related species-for the inferences one may
draw from species-level correlations. These considerations lead to the notion
of dividing a phylogeny into a series of independent replicate comparisons;
these 'contrasts' may then be used in tests of association which are
more discriminating-and thus often more interesting-than species-level
analyses. They may also be used in conjunction with information on times
of divergence in the evolutionary tree to address a number of explicitly
historical topics, such as the relationship between speciation and phenotypic
change, the suitability of random walk models of evolution, and the notion
of phylogenetic inertia. I shall illustrate all analyses with the data of Sessions
and Larson (1987) on DNA content and differentiation rate in plethodontid
salamanders.
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2. PHYLOGENETIC SIMILARITY
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If one has an hypothesis that X plays some role in determining Y, then one
obvious test is to look for a correlation between X and Y, using each species

for which data are available as an independent data point. However, this
practice has recently been the target of some extensive criticism (e.g. Harvey
and Mace 1982; Ridley 1983; Felsenstein 1985; Grafen (1989), although
accounts differ in identifying the exact source of the problem. Here I make
use of results from the computer simulations of Raup and Gould (1974).
These authors generated a phylogenetic tree from a single ancestral species
by an iterative process of random speciation and extinction, until there were
200 descendants. Phenotypic evolution of 10 hypothetical characters was
then modelled by 10 independent random walks: each character started from
an ancestral value of zero and evolved by randomly increasing or decreasing
one unit (or staying the same) at each branch point. Raup and Gould (1974)
then calculated the correlation coefficient for all 45 pairwise combinations of
the 10 variables. As can be seen in Fig. 1, the frequency distribution of their
correlation coefficients is much wider than that expected from 200 pairs of
normally distributed random variables-indeed, fully 45 per cent of their
correlation coefficients are significant by the conventional test, despite the
fact that the characters evolved by independent random walks. This difference between the observed distribution of correlation coefficients and the
conventional theoretical distribution is due to phylogenetic similarity:
because descendant phenotypes are modifications of ancestral phenotypes,
closely related species are likely to be more similar than distantly related
species. Significant correlations arise because species with similar X-values
are likely to be closely related and thus also likely to have similar Y-values,
independent of any causal mechanism relating changes in X to changes in Y.
Note that it does not really matter why closely related species are more
similar than distantly related species-be it because of adaptation to common environments, phylogenetic inertia, developmental constraints, or
whatever- but as long as they are, then X and Y will tend to be correlated.
These simulations demonstrate that significant interspecific associations
between two variables may be due not only to causal mechanisms, simple or
complex, but also to the rather common (and perhaps boring) tendency for
closely related species to be more similar than distantly related species. A
statistical test which could distinguish between these possibilities would be
very useful.
Before describing such a test, a few further comments on species-level
analyses seem appropriate. Consider Raup and Gould's 200 simulated
descendant species as an order of mammals with parametric correlation
coefficient between X and Y equal to p. If one were to sample randomly from
this population and calculate the correlation coefficient and associated
probability level for this sample, these statistics would have many of the

5
>.

u

c:

4

Q)

:::J

O'
Q)

.;:

3
Q)

>

~
Q)

a:

2

0

-

-0 .8

-0.6

Fig. 1. The problem of phylogen
distribution of correlation coefficien
Gould (1974, table 2). Phenotypic e
walks along a simulated phylogene
pairwise correlation coefficients are
correlation coefficients for n = 200
(normal distribution with mean= O
583). The correlation coefficients
combii:iations of only 10 variables; n
models is clear. In particular, note
coefficients is much wider than the
significant values under the conventi
characters evolved

conventional interpretations: the
be a good estimate of p and the
the parametric p has sign opposite
these statistics may be all that is
whether an association is causal
other hand, the simulations of R
may be a very poor indicator of th
even if the same biological pro
completely due to phylogenetic s
ation in one order is just as lik

Comparative methods using phylogenetically independent contrasts

35

6

some role in determining Y, then one
between X and Y, using each species
dependent data point. However, this
some extensive criticism (e.g. Harvey
stein 1985; Grafen (1989), although
t source of the problem. Here I make
ulations of Raup and Gould (1974).
ic tree from a single ancestral species
iation and extinction, until there were
n of 10 hypothetical characters was
om walks: each character started from
by randomly increasing or decreasing
branch point. Raup and Gould (1974)
ent for all 45 pairwise combinations of
. 1, the frequency distribution of their
than that expected from 200 pairs of
cs-indeed, fully 45 per cent of their
by the conventional test, despite the
·ndependent random walks. This diftion of correlation coefficients and the
is due to phylogenetic similarity:
odifications of ancestral phenotypes,
e more similar than distantly related
because species with similar X-values
us also likely to have similar Y-values,
relating changes in X to changes in Y.
why closely related species are more
be it because of adaptation to comertia, developmental constraints, or
en X and Y will tend to be correlated.
significant interspecific associations
't only to causal mechanisms, simple or
on (and perhaps boring) tendency for
ilar than distantly related species. A
ih between these possibilities would be
ew further comments on species-level
r Raup and Gould's 200 simulated
ammals with parametric correlation
p. If one were to sample randomly from
correlation coefficient and associated
bse statistics would have many of the

5
;.,
(.)

c:

Q)

4

:I

CT

........
Q)

3

Q)

.:::
~Q)
a:

2

0

-

-0.8

-0.6

-0.4

-0.2

0

Correlation

0.2

0.4

0.6

0.8

coefficient

Fig. J. The problem of phylogenetic similarity. The histogram is a frequency
distribution of correlation coefficients from the computer simulations of Raup and
Gould (1974, table 2). Phenotypic evolution was modelled as independent random
walks along a simulated phylogenetic tree with 200 descendent species. Forty-five
pairwise correlation coefficients are shown, as well as the expected distribution of
correlation coefficients for n = 200 pairs of normally distributed random variables
(normal distribution with mean=O and variance= 1/ 198; Sokal and Rohlf 1981, p.
583). The correlation coefficients are from only one tree and are all pairwise
combii:iations of only I 0 variables; nevertheless, the sizeable difference between null
models is clear. In particular, note that the distribution of simulated correlation
coefficients is much wider than the theoretical curve, resulting in many statistically
significant values under the conventional tests of association, despite the fact that the
characters evolved by independent random walks.

conventional interpretations: the sample correlation coefficient, r, would still
be a good estimate of p and the p-value would still give the probability that
the parametric p has sign opposite to that of the sampler. For some purposes
these statistics may be all that is required, with rather little depending on
whether an association is causal or due to phylogenetic similarity. On the
other hand, the simulations of Raup and Gould indicate that these statistics
may be a very poor indicator of the correlation in another order of mammals,
even if the same biological processes were occurring-if associations are
completely due to phylogenetic similarity then a significant positive association in one order is just as likely to be negative in another. Certainly,
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inferring causality from a correlation (i.e. extrapolating to the outcome of
manipulative experiments) will be even more tenuous than usual if there is a
good chance that the correlation is due to phylogenetic similarity. To
conclude, species-level analyses are not 'wrong', and may in fact reveal much
of interest; however, they do permit fewer inferences than other more
powerful techniques.

3. PHYLOGENETICALL Y INDEPENDENT CONTRASTS
AND TESTS OF ASSOCIATION
There are numerous comparative methods in the literature which attempt to
deal in some way with the problem of phylogenetic similarity (reviewed in
Pagel and Harvey 1988a); briefly, these may be divided into three groups.
First, one can compare across higher taxa, such as genera or families, instead
of species. For example, Harvey and Clutton-Brock (1985) use subfamilies in
their analysis of primate life history data. Secondly, one can control for
taxonomic affiliation directly by including it as a categorical variable in a
multiple regression model. The methods used by Stearns (1983) and Wootton
(1987) in their analyses of mammalian life history data are elaborations on
this theme. Computer simulations by Grafen (1989) suggest that while using
either of these methods does reduce the likelihood that a significant association is due to phylogenetic similarity, neither one completely excludes this
alternative explanation. Finally, one can divide the data set into a series of
phylogenetically independent replicate comparisons, each of which contributes one degree of freedom to the subsequent test of association. It is this
latter approach which I will pursue here.
Consider again the simulations of Raup and Gould (1974). In any one
particular simulation the correlation between two variables may be highly
significant under the conventional test. However, in repeated simulations the
expected correlation is zero-sometimes 'significantly' positive, sometimes
negative, but with a long-term expected mean of zero. In theory, then, one
could test for an association between two variables in an order of mammals
by evolving the order repeatedly and seeing if there is a tendency for positive
or negative correlation coefficients to predominate. In practice, one may
proceed in a completely analogous manner: divide the order into independent replicate groups containing at least two species and then see if there is a
tendency for positive or negative trends within groups to predominate. This
is the method of phylogenetically independent contrasts.
Replicating comparisons within a taxon is not a particularly new idea,
although it has a far from consistent history in the comparative literature.
For example, to test for an association between rates of recombination and
breeding system, Brown (1961) compares chiasma frequencies within six
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pairs of closely related species or subspecies in the genus Gilia (Polemoniaceae), where each pair consists of a selfer and an outcrosser. More recently,
Felsenstein (1985, p. 13) cites essentially the same suggestion: one should
compare pairs of nearest relatives, 'two seals, two whales, two bats, two deer,
etc.' Read (1987) takes a slightly different approach in his test of association
between parasite load and plumage coloration in passerines, calculating
Spearman rank correlations separately for each genus in his data set and then
testing for mean different from zero. Here I extend these methods to the
problem of extracting independent contrasts from a known phylogeny;
Felsenstein (1988, p. 457) independently describes much the same method.
First, however, I introduce the example data set.
Simple biochemical considerations suggest that if most of the interspecific
variation in genome size is in the non-coding fraction then the more DNA
there is, the longer will be the cell cycle and the slower the rate of
development. These ideas suggest that there will be a negative correlation
between DNA content and developmental rate across species; to test this
prediction, Sessions and Larson (1987) collected data on the C-value
(haploid DNA content) and the differentiation rate of regenerating limbs for
27 species of plethodontid salamanders. These data are reproduced in Fig. 2.
(See Sessions and Larson (1987) for more details on theories and variables.)
There is indeed a significant negative correlation between C-value and
differentiation rate (Fig. 3a) and the parametric correlation coefficient for the
Plethodontidae seems to be quite low (assuming this is a random sample, 95
per cent confidence limits are - 0.69 and - 0.93). Thus, the causal hypothesis
gains some measure of support. However, this test does not reject the null
hypothesis that C-value and differentiation rate have evolved independently
of one another: as demonstrated above, such associations are not improbable
ifthere is considerable phylogenetic similarity. This alternative explanation is
supported by an analysis of variance, which indicates very highly significant
differences between the two subfamilies in the data set in both C-value and
differentiation rate (Fu 5 = 21.9 and 45.3 respectively, bothp<0.001). Estimates of the variance components indicate that over 75 per cent of the total
variance in both C-value and differentiation •rate lies between subfamilies;
these considerable differences are also evident from the scatterplot (Fig. 3a).
Thus, closely related species are much more likely to be similar than distantly
related species-is this fact alone responsible for the observed correlation?
To test further the causal hypothesis I divide the data set into a series of
replicate contrasts. A contrast is simply a group of two or more species; it can
be represented as a path joining the member species through phylogeny. I
suggest that in tests of association one only use contrasts whose paths do not
meet at any point; contrasts which satisfy this criterion are 'phylogenetically
independent'. Note that variances and covariances of phenotypic characters
within contrasts, which are assumed to depend only on evolutionary events
occ.urring since the last common ancestor, will thereby be independent of
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Fig. 2. The data of Sessions and Larson (1987) on C-value (haploid DNA content in

pg, log-transformed) and differentiation rate of regenerating hind limbs (units are
(developmental stages per day) x 100), in plethodontid salamanders. To the left are
phylogenetic relationships, inferred from morphological and biochemical data, which
are used in identifying independent contrasts. Contrasts are groups of at least two
species and may be represented as a path joining the member species through the
phylogeny; two or more paths are phylogenetically independent if their paths do not
meet or fall along the same vertical line. For 27 species there can be a maximum of 13
phylogenetically independent contrasts, but since the phylogeny contains multiplebranching nodes the maximum here is only 12 (A-L). There are numerous ways of
dividing the phylogeny into fewer contrasts, not shown. The numbers in the
phylogeny, also from Sessions and Larson (1987), are times of divergence estimated
from albumin immunological distances and Nei's electrophoretic distances on the
assumption that these increase linearly with time (i.e. are good 'molecular clocks').

variances and covariances in other contrasts. The same is not true of random,
even if non-overlapping, groups of species: the difference between a mouse
and a macaque is not independent of the difference between a rat and a
chimp. Figure 2 shows the data set of Sessions and Larson (l 987) divided
into 12 phylogenetically independent contrasts and Table I shows the
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Fig. 3. Two views of the relationship between differentiation rate and C-_value. (a) The
standard species scatterplot shows a very highly significant neg&tive correlation
between species means (r= -0.85, n=27, p<0.0001). Lines conm;ct members of
phylogenetically independent contrasts, lettered as in Fig. 2. Note that the subfamily
Desmognathinae (contrast A) is quite separate from the subfamily Plethodontinae
(all the rest), indicating strong phylogenetic similarity. (b) Each contrast is reduced to
a single point in this graph of the covariance of C-value and differentiation rate as a
function of the variance in C-value. Note that the slope of the line connecting each
point to the origin is the least-squares slope of the relation within contrasts. Data
from Table 1.
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Table I
The variances of C-value (CV ) and differentiation rate (DR), and their covariance
calculated separately for each of the phylogenetically independent contrasts indicated in
Fig. 2. Cov ( X. Y) = ~XY - ~Xl:Y /n]/(n -1) ; n = number of species
Contrast

n

Var( CV)

Var( DR)

Cov(CV,DR)

A

4
2

0.00108
0.01674
0.02645
0.01380
0.02509
0.00045
0.02333
0.02184
0.00011
0.00039
0.00140
0.00076

2.203
3.920
53.045
2.333
15.125
0.405
0.080
5.120
1.280
0.500
1.620
0.405

-0.0032
-0.2562
-1.1845
-0.1050
-0.6160
-0.0135
-0.0432
-0.3344
-0.0120
0.0140
0.0477
-0.0176

B

c
D
E

F
G
H
I
J

K
L

2
3
2
2
2

2
2
2
2
2

variances and covariances of C-value and differentiation rate calculated for
each contrast. A useful graphical method of representing the contrasts is to
plot the covariance of C-value and differentiation rate as a function of the
variance in C-value (Fig. 3b): the slope of the line connecting each data point
to the origin is the least-squares slope of differentiation rate on C-value
within that contrast [b=Cov(X,Y)fVar(X)].
To test for an association between C-value and differentiation rate one can
simply apply a sign test to the covariance estimates. The null hypothesis is
that the probability of a covariance being negative equals the probability that
it is positive. Here 10 of 12 covariances are negative (p=0.039, two-tailed),
indicating a significant tendency for increases in C-value to be associated
with decreases in differentiation rate, and vice versa, and rejecting the
hypothesis that the species-level correlation is wholly due to phylogenetic
similarity in these two characters. These results corroborate those of Sessions
and Larson (1987).
As the force of these conclusions derives from the criterion of phylogenetic
independence defined above, several comments about it seem appropriate.
First, there are many different ways of dividing a phylogeny into independent
contrasts and often there will be a trade-off between increasing the number of
contrasts and increasing the proportion of variance which is 'within' contrasts (and thus being tested), as opposed to 'between' contrasts (and thus
not being tested). It would seem appropriate to increase both statistics, but
there is no obviously 'best' compromise. In the above analysis I maximized
the number of contrasts, with the result that only 26 per cent of the variation
in C-value and 27 per cent of the variation in differentiation rate lies within
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contrasts. In general for n species and a dichotomously branching phylogeny
there are a maximum of n/2 phylogenetically independent contrasts (rounded
down to the nearest integer), although fewer if the phylogeny contains
multiple-branching nodes, as in the above example.
However the phylogeny is divided, recognizing independent contrasts by
the above criterion will allow one to use more of the data than if one
restricts contrasts to pairs of nearest relatives or to just one level of the
Linnean hierarchy. Of course, this is only an improvement if the extra
information used is correct: the effect of errors in the phylogeny will
presumably be similar to taking random groups of species as independent
contrasts, which in the limit is no improvement on the standard species-level
analysis. Thus, when in doubt about the phylogeny, the conservative solution
is to use multiple nodes.
On the other hand, the criterion of independent contrasts defined here is
quite conservative in that values for a species are used only once; information
on phylogenetic relationships among the contrasts is not used. As we have
seen, this results in a maximum of n/2 degrees of freedom in the subsequent
test of association. Is there an alternative? Felsenstein (1985) and Grafen
(1989) make suggestions about how to combine data from different contrasts
to construct yet more contrasts, thus deriving one degree of freedom for each
higher node in the phylogeny (d.f. = n - 1 for a dichotomously branching
phylogeny). However, these methods rely on particular assumptions about
how information from different contrasts is to be combined. Felsenstein's
(1985) method, one of those actually used by Sessions and Larson (1987),
requires information on times of divergence for each node and the assumption that characters evolve by Brownian motion; Grafen (1989) suggests an
even more complicated method which requires that a series of arbitrarily
assigned branch lengths be correct. Although these methods may well be of
some use, the method described here is more economical of assumptions and
should be useful for this reason.
A good phylogeny does not exist for many taxa and comparative biologists
studying these groups will have to extract contrasts from the Linnean
classification. How might this be done? An obvious extrapolation of the
above method involves using a variety of taxonomic levels, as follows: count
each genus with two or more species as a contrast, remove them from the
data set, count the tribes with two or more remaining genera as contrasts,
remove them from the data set, count subfamilies with two or more
remaining tribes as contrasts, remove them, and so on up the Linnean
hierarchy. However, it should be recognized that this approach depends on
each taxon being strictly monophyletic, at least with respect to the species in
the data set. For better or worse, monophyly is not always a criterion in
constructing higher taxa and so many Linnean taxa are not monophyletic.
For example, the genus Plethodon in the salamander data set is paraphyletic
(i.e. species on the same branch have been put in another genus, Aneides-see
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Fig. 2), with the consequence that a contrast including the whole genus
would not be independent of a contrast including both Ensatina and Aneides,
two other genera in the tribe Plethodontini (Fig. 2). Thus, if contrasts are to
be extracted from a Linnean classification and the taxa as represented in the
data set are thought to be paraphyletic, then the conservative method is to
use only one level of the Linnean hierarchy in defining contrasts. Five
contrasts at the generic level or three at the tribal level can be identified in the
salamander data set.
Tests of association between two qualitative variables may also be done
using phylogenetically independent contrasts. Such variables include modes
of sex determination, ovi- versus viviparity, and the sort of nucleotide found
at a particular locus. Here I consider the simplest case of two variables with
two states· each and to do so have transformed the C-value and differentiation rate data into qualitative variables (Fig. 4). The exact same contrasts as
used for the continuous data could be used, but there is a problem: to be
useful in a test of association, a contrast must contain both states of both
characters and only two of the original contrasts meet this additional
criterion ( C and £). Thus, unless the data set is very large, one will probably
want to divide the data set in such a way that all contrasts contain both states
of both characters. Unfortunately, the gain is slight in this data set, as there
are a maximum of only three such contrasts (Fig. 4); even though the
association in all three is in the same direction-large DNA with slow
differentiation and vice versa-it is impossible to get a statistically significant
result from a sign test. Thus, the method of independent contrasts can be
easily extended to tests of association between qualitative characters, but in
general one will need a much larger data set (or more detailed phylogeny) in
order to get the same number of useful contrasts as for continuous variables.
This approach provides an alternative to the methods of Ridley (1983, 1986;
see Pagel and Harvey 1988a), which rely on the assumption that cladistic
techniques such as outgroup comparison can accurately identify ancestral
states. The test described here makes no assumptions about parsimony in
evolution or the character states of ancestral species.

4. PHYLOGENETICALLY INDEPENDENT CONTRASTS
AND EXPLICITLY HISTORICAL ANALYSES
One advantage of the above test of association is that it does not require data
on the ages of each contrast; however, if such information is available then
one can address a number of interesting historical questions. The most likely
sort of data are molecular distances between extant species, which are being
measured with increasing frequency for use in constructing phylogenies. The
various uses of these data in aiding our understanding of phenotypic
evolution has not, to my knowledge, been much considered, and is the topic
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Fig. 4. Test of association between two qualitative variables. Top: the data of Fig. 2
have been transformed into qualitative variables by classifying C-values as higher or
lower than the median (H, L) and differentiation rates as faster or slower than the
median (F, S). The phylogeny is unchanged . Phylogenetically independent contrasts
are again identified, with the proviso that each one contains both values for both
variables. There are a maximum of three such contrasts in the above tree; one possible
set of three, with approximately equal numbers of species in each is identified above
(A--C). Bottom: each contrast is represented as a 2 x 2 contingency table of species
values. Note that the direction of association in all three contrasts is the same.

of this section. I present a series of simple and emphatically exploratory
analyses; again, all are illustrated with the salamander data, though, as will
become obvious, significantly larger data sets will often be desirable. The
branch lengths indicated in Fig. 2 are times of divergence (in millions of
years) as estimated by a combination of albumin immunological distances
and Nei's electrophoretic distances. These values may be regarded as a
composite index of molecular divergence; they are available for nine independent pairwise contrasts with estimated times of divergence ranging from four
to 33 million years ago (Table 2).
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Table 2
Phenotypic and molecular divergence in nine pairwise contrasts. Molecular divergences
are the sum of branch lengths from Fig. 2 and those for C-value and differentiation rate
are the absolute values of the difference between the two species
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4.1 Phenotypic and molecular divergence

One obvious point of departure is the relationship between molecular and
phenotypic divergence (Fig. Sa, b). In these data it appears that differences in
both C-value and differentiation rate are highly correlated with molecular
divergence; indeed, the observed correlation coefficients (0.86 and 0.74
respectively) are about as high as those between the immunological and
electrophoretic distances themselves (r = 0.70-0.88; Maxson and Maxson
1979). Thus, if molecular divergence is a good measure of the age of contrast
then so is the divergence of C-value and differentiation rate, at least over the
range considered here. The second point of interest is the intercept of
regression lines fitted through the scatterplots. If speciation (cladogenesis) is
typically associated with particularly rapid phenotypic evolution, as suggested by some models of evolution (e.g. Gould and Eldredge 1977), then the
regression of phenotypic divergence on time should have a positive intercept.
However, both intercepts are very close to the origin (acv = - 0.03 and
a 0 R = - 0.12), suggesting that no very large punctuation in either C-value or
differentiation rate typically occurs at time ofspeciation (or, at least no larger
a punctuation than may occur in molecular divergence).
4.2 Random walk models of evolution

Further analysis is suggested by considering various null models of evolutionary change. I have already referred to one such model, the random walks
of Raup and Gould (1974; see also Raup 1977). In this model changes during
a time period of unit length have zero mean and constant variance and
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Fig. 5. Phenotypic and molecular divergence in nine phylogenetically independent

contrasts. Arithmetic plots show strong positive correlations between molecular
divergence and differences in both C-value (a) and differentiation rate (b). Note that
both functions increase approximately linearly and that both intercepts are not
significantly different from zero, the latter suggesting that there are no 'punctuations'
in C-value or differentiation rate associated with speciation.

and changes in successive time intervals are independent; consequently it
predicts that phenotypic variances-not differences-should increase
linearly with time. If the model is altered such that changes in successive time
intervals are positively correlated, as might be expected under persistent
directional selection, then variances should increase faster than linearly with
time; on the other hand, a negative correlation between successive changes
would predict that variances should go up more slowly than linearly with
time. Thus, if we write
Phenotypic variance= a(Time )6 ,
then the exponent b is a measure of the autocorrelation of changes in
successive time intervals with b = 1 when r = 0. A log-log plot of the data,
using the molecular divergence estimates of time, is shown in Fig. 6a.
Unfortunately, the data are too few to give precise estimates: neither the
individual slopes nor the common slope are significantly different from the
random walk prediction of 1, but the confidence limits are wide and do not
exclude slopes of 1/2 or 2 either. Similar analyses on much larger data sets
would be of interest.
[It should be noted that this analysis is only approximate, as variances
based on only two values, even log-transformed, are unlikely to be normally
distributed. Furthermore, the least-squares slope calculated will tend to
underestimate the true slope if there is a less than perfect correlation between
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Fig. 6 . Testing null models of evolution. The assumptions of the molecular clock and

random walk model of phenotypic evolution together predict that phenotypic
variance should increase linearly with molecular divergence . (a) Log-log plot of
phenotypic variance as a function of molecular divergence for C-value ( •) and
differentiation rate (A) in nine phylogenetically independent contrasts. Neither the
individual slopes (bcv=2. l ± 1.79 (95 per cent C.L.) and b0 R= I.I± 1.72) nor the
common slope (be = 1.6± 1.12) are significantly different from the predicted slope of
I. Data from Tables 1 and 2. (b) In the absence of molecular comparisons, or other
data on times of divergence, one can test the null hypothesis that the variance in the
log-transformed estimates of variance are equal for two characters by plotting the
difference of the estimates [log Var( CV) - logVar(DR)] as a function of their sum
[logVar(CV) + logVar(DR)] for 12 phylogenetically independent comparisons; a
positive correlation would indicate that cr 210gva .icVJ > cr 210,v.,<DRJ and a negative correlation the opposite. In fact, there is no significant correlation (r= 0.22, 0.5 > p > 0.4).

molecular divergence and time. Corrections for this bias are possible, but
require information on the relative error variances associated with X and Y
(Pagel and Harvey 1988b). Finally, the interpretations assume that rates of
evolution have been constant through time: conceivably, an alternative
explanation for a slope greater than 1 is that evolution, although remaining a
random walk, has gradually slowed down over the time period being
studied.]
A further test of the random walk model is to check whether rates of
evolution have been homogeneous in different contrasts. Variances within
each contrast may be standardized by dividing by the estimated age
(molecular divergence) of the contrast and then compared using Bartlett's
test (see Snedecor and Cochran 1980, p. 252 and tables in Pearson and
Hartley 1966). Unfortunately, estimates of variance are very imprecise when
based on only two values, and so this test has rather low power: not only are
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there no significant differences between the standardized variances for either
C-value or differentiation rate, but there are also no detectable differences
between the unscaled variances (for which we know there are real differences,
since they are correlated with molecular divergence-Fig. 6a).
One conclusion that may be drawn from these results is that the simple
tests of the random walk described here, using independent contrasts, are
rather weak and will generally require many more than nine contrasts. One
possible alternative approach would be to use the molecular data to calculate
the complete series of contrasts defined by Felsenstein (1985). Such analyses
are more complex, for one has to recalculate the contrasts for each value of
the exponent b under test, but they do use more of the available information
and thus should provide more precise estimates. Unfortunately, using the 18
such contrasts extractable from this data set (see Sessions and Larson 1987)
one still cannot distinguish between exponents b = 1 and b = 2, nor detect
significant heterogeneity in the unscaled variances of either C-value or
differentiation rate. Thus, it seems the only solution is to increase the size of
the data set, if possible also increasing the range of contrast ages under study.
These tests of the random walk are obviously restricted to instances where
one has molecular data or some other measure of times of divergence; can
similar questions be addressed in the absence of such information? I suggest
that while one may not be able to test a specific evolutionary model, such as
the random walk, nevertheless one can test whether two phenotypic characters follow the same evolutionary model (whatever that may be). For
example, one might have a theory that naturally and sexually selected
characters should have different patterns of evolutionary change, or that
characters closely related to fitness should differ from more neutral characters. One approach would be to compare the partitioning of variation at
different taxonomic levels for the two characters. Unfortunately, formulae
for confidence limits of variance components in unbalanced data sets are not
known (Sokal and Rohlf 1981 ). Maximum likelihood methods of estimating
variance components would seem to offer a possible solution, and a~ such
would be worth further study; however, these are beyond the scope of this
chapter. Instead, I present an alternative method using independent contrasts, as follows . I suggested above that the slope of the regression of logvariance on log-time across contrasts estimates the exponent in the relationship: Variance=a(Time)h. If two phenotypic characters have the same
exponent, then the variance among contrasts of the log-variances for one
character should equal that for the other (i.e. H 0 : cr 210gva r(CVJ = cr210gva r(oRi) . One
tests this hypothesis by correlating the sum of the log-variances for the two
characters and their difference, across contrasts; a significant correlation
indicates a significant difference in the two variances (Snedecor and Cochran
1980, pp. 190-1 ). Applying this test to the salamander data reveals no
significant difference between the variance among contrasts for C-value and
differentiation rate (Fig. 6b), and so we cannot reject the hypothesis that
these two characters have the same exponent. Two points to note: like the
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previous test, this one is only approximate as log-variances are unlikely to be
normally distributed (although the situation may be improved slightly as
they will often be based on more than two values), and significant differences
in variances may be due not only to differences in exponent (i.e. the variance
due to time in Fig. 6a), but also, perhaps, to differences between characters in
the heterogeneity of rates of evolution (i.e. the residual variation).
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4.3 Phylogenetic inertia
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Returning to the uses of data from molecular comparisons, or other
information on times of divergence, one can ask whether the significant
negative association between C-value and differentiation rate changes as a
function of the age of the contrast. Such a change might be predicted by an
hypothesis of phylogenetic inertia. This process occurs when changes in X
result in changes in selection pressure on Y, but there has not been enough
time for Y to respond completely, such that the population mean is lagging
behind the optimum; the faster X changes, the more Y should be lagging.
Thus, an hypothesis of phylogenetic inertia would predict that the slope of
the relation within contrasts should become shallower as one considers more
recent contrasts. Of course, it is possible that differentiation rate is not
responding directly to changes in C-value, but that they are each responding-in opposite directions-to changes in some other unknown variable Z;
if so, then an association between the slope of differentiation rate on C-value
within contrasts and the age of the contrast would suggest that they differ in
their relative rates of response to Z-one is lagging more than the other. As
can be seen from Fig. 7, there is in fact no significant association. This result
should not come as a great surprise: first, the mechanism relating C-value to
differentiation rate is not thought to be evolutionary-increases in C-value
do not select for decreases in differentiation rate-but rather biochemical,
and thus immediate. Secondly, even for two variables related through natural
selection, the selection coefficients or heritabilities would have to be quite low
to show lags in contrasts over four million years old.
An analogous test can be devised in the absence of molecular data, though
it will probably be weaker. Using a phylogeny one can often tell which of two
contrasts is more recent, and then compare the slopes of those contrasts.
There are five such pairs of contrasts to be made in the salamander
phylogeny and four of them go against the hypothesis (Table 3).
These tests for phylogenetic inertia are very similar to tests for consistent
changes in slope with taxonomic level (i.e. a consistent increase or decrease in
slope as one calculates slopes for species within genera, genera within
families, families within orders, etc. (e.g. Harvey and Mace 1982)). However,
they are not to be confused with various tests of taxonomic similarity
proposed by several other authors. Cheverud et al. ( 1985) estimate 'phylo-
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Fig. 7. Test for phylogenetic inertia. As there is a negative correlation between
differentiation rate and C-value, an hypothesis of phylogenetic inertia predicts a
negative correlation between the slope of the relation within contrasts and the age of
the contrast (i.e. older contrasts should have more negative slopes). Here, age is
estimated by molecular divergence and there is no indication of a trend: the slope of
the association does not depend on the age of the contrast. Data from Tables I and 2.

genetic inertia' with an autocorrelation coefficient and Derrickson and
Ricklefs (1988) talk about phylogenetic constraints in terms of the slope and
shape of a relationship differing in different taxa. However, these are measures
of taxonomic similarity, akin to a nested ANOVA; as such they may (or

Table 3
Sign test for phy logenetic inertia when data on times
of divergence are not available

Predicted

Observed?

C<B
D<E
G<F
H<I
K<L

Yes
No
No
No
No

The null hypothesis is that the relative branching order
of the contrasts is independent of the relative value of the
slopes within contrasts; the hypothesis of phylogenetic
inertia predicts that older contrasts will have more
negative slopes. Thus, for example, we know from the
phylogeny that contrast C is older than B, and so we
predict that it should have a more negative slope, as
indeed it does ( - 44.8 vs. - 15.3). However, contrast D is
older than E, yet has a higher slope (- 13.0 vs. -24.5).
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may not) be useful (see also Bell, 1989). The test described here is specifically for a trend in the slope of the relation with time. Although phylogenetic
inertia is one possible cause of taxonomic similarity, it is by no means the only,
and the two concepts should not be synonymized.

5. OTHER USES FOR INDEPENDENT CONTRASTS

,.

The method of independent contrasts is useful in comparative biology to deal
with a specific problem: one wants to test a causal hypothesis relating X and
Y, but there is a plausible process with no causal link between X and Y which
nevertheless will routinely generate significant correlations between them. In
interspecific comparisons this process is the sporadic branching of the
evolutionary tree and the production of descendant phenotypes by modification of ancestral phenotypes. Similar statistical problems may be widespread.
For example, correlations among individuals are very common in biology,
yet close relatives are likely to be more similar than distant relatives. Those
who study lakes regularly regress limnological variables on each other using
lakes as data points, yet closely neighbouring lakes are presumably more
similar than those far apart . In both cases, one approach to dealing with this
underlying structure in the data is to use independent contrasts. Does the
relationship hold within families? Within regions?

6. SUMMARY
Interspecific correlation is a popular means of testing evolutionary and
ecological theory. However, computer simulations by Raup and Gould
( 1974) demonstrate that statistically significant correlations can easily arise
between two variables undergoing independent random evolutionary walks.
Indeed, significant associations are likely whenever closely related species
are more similar than distantly related species, for then species with similar
X-values are likely to be closely related , and thus have similar Y-values,
independent of any causal mechanism relating X and Y. Here, I discuss an
alternative test of association which avoids this problem and thus can
provide a more powerful test of specific causal hypotheses than simple
interspecific correlations.
The method involves two steps: first, dividing the data set into a series of
independent replicate contrasts, and secondly, testing for a consistent
association between changes in X and changes in Y. Several previous
discussions of this method have defined the independent contrasts either a
pairs of closest relatives or as taxa at one level of the Linnean hierarchy (e.g.
genera); here I suggest a novel method of recognizing independent contrasts
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in a known phylogeny. If contrasts are represented as a path joining the
member species through the phylogenetic tree, then contrasts are independent if their paths do not meet at any point. For n species there are a
maximum of n/2 phylogenetically independent contrasts, given a dichotomously branching phylogeny; multiple-branch points can be easily accommodated, though they reduce the maximum number of contrasts. Complications
arise if contrasts must be extracted from a Linnean classification: if the taxa
as represented in the data set are thought to be monophyletic then exactly
analogous methods apply; however, if paraphyletic, then the conservative
solution is to use contrasts from only one level of the Linnean hierarchy.
Each phylogenetically independent contrast contributes one degree of freedom to the subsequent test of association; any association which is significant by this test cannot be due to phylogenetic similarity. A sign test on the
covariance of characters within contrasts provides a conservative nonparametric test. The method can be easily extended to test for an association
between two qualitative variables, although in general one will need a larger
data set in order to get the same number of contrasts.
Although this test of association is purely ahistorical in nature and does
not require data on times of divergence, such information, if available, can be
used together with the phylogenetically independent contrasts in explicitly
historical analyses. The relationship between phenotypic and molecular
divergence can be used to look for evidence of 'punctuations' associated with
speciation and to test null models of evolutionary change (e.g. random
walks). Further, if two phenotypic characters are found to be correlated, the
relationship between the slope of the association within contrasts and the age
of the contrast can be used to test hypotheses of phylogenetic inertia. Similar
analyses are also presented for the much more common instance of there not
being any data on times of divergence other than the phylogeny, although the
tests are correspondingly weaker.
All analyses are illustrated using Sessions and Larson's (1987) data on Cvalue and differentiation rate in plethodontid salamanders. The main conclusions are:
1. Increases in C-value tend to be associated with decreases in differentiation
rate, and vice versa, across 12 phylogenetically independent contrasts.
2. There is no indication of punctuations in either C-value or differentiation
rate at time of speciation.
3. The evolution of C-value and differentiation rate is compatible with a null
model of random walk; however, the tests have rather low power and
more data will be necessary to provide a more precise test.
4. There is no evidence of phylogenetic inertia in the relationship between Cvalue and differentiation rate.
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Throughout the chapter these methods are compared to various proposed
alternatives. I conclude with several brief comments on the application of the
method of independent contrasts beyond the problem of species comparisons.
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