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Abstract.-Biologists often compare average phenotypes of groups of species defined cladis- 
tically or on behavioral, ecological, or physiological criteria (e.g., carnivores vs. herbivores, social 
vs. nonsocial species, endotherms vs. ectotherms). Hypothesis testing typically is accomplished 
via analysis of variance (ANOVA) or covariance (ANCOVA; often with body size as a covariate). 
Because of the hierarchical nature of phylogenetic descent, however, species may not represent 
statistically independent data points, degrees of freedom may be inflated, and significance levels 
derived from conventional tests cannot be trusted. As one solution to this degrees of freedom 
problem, we propose using empirically scaled computer simulation models of continuous traits 
evolving along "known" phylogenetic trees to obtain null distributions of F statistics for AN- 
COVA of comparative data sets. These empirical null distributions allow one to set critical values 
for hypothesis testing that account for nonindependence due to specified phylogenetic topology, 
branch lengths, and model of character change. Computer programs that perform simulations 
under a variety of evolutionary models (gradual and speciational Brownian motion, Ornstein- 
Uhlenbeck, punctuated equilibrium; starting values, trends, and limits to phenotypic evolution 
can also be specified) and that will analyze simulated data by ANCOVA are available from the 
authors on request. We apply the proposed procedures to the analysis of differences in home- 
range area between two clades of mammals, Carnivora and ungulates, that differ in diet. We 
also apply the phylogenetic autocorrelation approach and show how phylogenetically indepen- 
dent contrasts can be used to test for clade differences. All three phylogenetic analyses lead to 
the same surprising conclusion: for our sample of 49 species, members of the Carnivora do not 
have significantly larger home ranges than do ungulates. The power of such tests can be increased 
by sampling species so as to reduce the correlation between phylogeny and the independent 
variable (e.g., diet), thus increasing the number of independent evolutionary transitions available 
for study. [Allometry; behavioral ecology; body size; branch lengths; comparative method; com- 
puter simulation; home range; physiological ecology; statistics.] 

The comparative method in evolution- 
ary biology can be used to denote any and 
all uses of interspecific comparisons to draw 
evolutionary inferences (e.g., Ridley, 1983; 
Cheverud et al., 1985; Felsenstein, 1985; 
Grafen, 1989, 1992; Gittleman and Kot, 
1990; Brooks and McLennan, 1991; Harvey 
and Pagel, 1991; Lynch, 1991; Martins and 
Garland, 1991; Carpenter, 199210; Gittle- 
man and Luh, 1992; Pagel, 1992; Page1 and 
Harvey, 1992; Losos and Miles, 1994). Be- 
cause species usually will not represent in- 
dependent data points in the statistical 
sense, conventional parametric and non- 
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parametric methods are inappropriate for 
hypothesis testing with interspecific data. 
Several explicitly phylogenetic statistical 
methods have therefore been developed. 
In addition to solving purely statistical 
problems, the incorporation of phyloge- 
netic information (topology, branch 
lengths) into analyses of patterns seen 
among living (and/or extinct) species (e.g., 
phenotypic variation and covariation) 
sometimes allows inferences to be made 
concerning evolutionary processes (e.g., 
[coladaptation, constraints, trade-offs, rates 
of evolution) (e.g., Huey and Bennett, 1987; 
Coddington, 1988; Lauder and Liem, 1989; 
Losos, 1990; Baum and Larson, 1991; Gar- 
land et al., 1991; Garland, 1992; Miles and 
Dunham, 1992). 
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Most of the phylogenetically based 
"comparative methods" have focused on 
testing for character correlations, often 
with continuous traits such as body size, 
limb proportions, metabolic rate, or home- 
range area (Felsenstein, 1985,1988; Grafen, 
1989, 1992; Lynch, 1991; Martins and Gar- 
land, 1991; Garland et al., 1992; Gittleman 
and Luh, 1992; Pagel, 1992; and reviewed 
in Harvey and Pagel, 1991: chap. 5). In ad- 
dition to testing for character correlations, 
however, biologists often wish to compare 
mean phenotypes among groups of organ- 
isms defined on the basis of phylogenetic 
affinity or on behavioral, ecological, or 
physiological criteria. In comparative 
physiology, for example, analyses of vari- 
ance (ANOVAs) and analyses of covariance 
(ANCOVAs) (e.g., Tanner, 1949; Sokal and 
Rohlf, 1981; Packard and Boardman, 1988) 
are used routinely to compare metabolic 
rates among taxa (e.g., field metabolic rates 
of birds and mammals [Nagy, 19871). Com- 
parative biochemists have compared in 
vitro enzyme activities of fishes that differ 
in feeding strategies and locomotor habits 
(e.g., Hochachka and Somero, 1984). At the 
chromosomal level, Burton et al. (1989) 
compared the nuclear DNA content of four 
families of bats. Many other examples can 
be found in behavioral ecology, including 
Barclay and Brigham's (1991) comparison 
by ANCOVA of frequency of echolocation 
calls of bats that differ in foraging mode 
and comparisons of phenotypes of animals 
with different diets, social systems, geo- 
graphic distributions, or habits (e.g., Mil- 
ton and May, 1976; Garland, 1983; Garland 
et al., 1988; Harvey and Pagel, 1991; Janis, 
in press). Sometimes such comparisons will 
fall strictly along phylogenetic lines. For 
the species listed in Figure 1, for example, 
the carnivores (Canidae, Hyaenidae, Feli- 
dae) and omnivores (Ursidae, Procyonidae, 
Mustelidae, Viverridae) fall within a lin- 
eage (order Carnivora) that separated about 
70 million years ago from herbivores in the 
orders Perissodactyla and Artiodactyla (to- 
gether with Proboscidea, Hyracoidea, Sire- 
nia, and [cladistically speaking] Cetacea, 
the "ungulates"). Other comparisons might 
cut across clades. 

Unless all of the species being compared 

radiated more-or-less instantaneously from 
a common ancestor (a star phylogeny, e.g., 
Felsenstein, 1985: fig. 2; Martins and Gar- 
land, 1991: fig. 3a), their phenotypes prob- 
ably are not statistically independent. Har- 
vey and Page1 (1991:38-48) reviewed three 
biological reasons for lack of indepen- 
dence, which they termed time lags, phy- 
logenetic niche conservatism, and pheno- 
type-dependent responses to selection (see 
also discussions in Ridley, 1983; Cheverud 
et al., 1985; Felsenstein, 1985, 1988; Cod- 
dington, 1988; Grafen, 1989; Gittleman and 
Kot, 1990; Lynch, 1991). The time-lag rea- 
son is perhaps most intuitive. Once spe- 
ciation has occurred, it simply takes time 
for divergence to occur either as a result 
of random genetic drift or in response to 
natural selection for new phenotypes (i.e., 
adaptation) (cf. McKinney, 1990b:106). The 
statistical consequences of nonindepen- 
dent data points can include inflation of 
Type I error rates (due to overestimated 
degrees of freedom) when testing hypoth- 
eses, lowered power to detect significant 
relationships, and inefficient estimates of 
evolutionary parameters (e.g., Felsenstein, 
1985,1988; Grafen, 1989; Lynch, 1991; Mar- 
tins and Garland, 1991). 

Conventional ANOVAs and ANCOVAs 
use F statistics for hypothesis testing. Crit- 
ical values for F statistics are determined 
by reference to standard tabular values (e.g., 
Rohlf and Sokal, 1981: table 16), with de- 
grees of freedom determined by the num- 
ber of groups being compared and the total 
number of observations (e.g., species) in 
the data set. Unfortunately, the hierarchi- 
cal phylogenetic relationships of species 
within most comparative data sets make it 
difficult to know how many degrees of 
freedom actually obtain. 

We therefore propose the use of empir- 
ically scaled computer simulations of char- 
acters evolving along "known" phyloge- 
netic trees to obtain empirical F 
distributions for hypothesis testing. These 
null distributions are different from those 
that would ordinarily be obtained from 
such techniques as jackknifing and boot- 
strapping or from randomization tests (So- 
kal and Rohlf, 1981; Crowley, 1992). A typ- 
ical application of such resampling 
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FIGURE 1. Hypothesis of phylogenetic relationships for 19 species of Carnivora and 30 species of ungulates 

(modified from Garland and Janis, 1993). This "best current compromise" cladogram, with branch lengths in 
units of estimated divergence times, is a composite derived from a variety of published and in-press sources 
(see Appendix). Most branch lengths are taken from first fossil appearances, supplemented with molecular 
clock estimates. As with any phylogeny, this is a "work in progress," to be updated as new information 
becomes available. 
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methods would sample or reshuffle across 
the tips of a phylogeny, ignoring cladistic 
structure (cf. Maddison and Slatkin, 1991; 
Carpenter, 1992a); thus, it would not fully 
account for the phylogenetic hierarchy 
(Harvey and Page1 [1991:152-1551 dis- 
cussed randomization tests that can be ap- 
propriately applied to phylogenetically in- 
dependent contrasts). Perhaps some sort of 
hierarchical resampling scheme could be 
devised, but computer simulation methods 
would seem to allow greater flexibility for 
exploring alternative models of evolution- 
ary change. In principle, the computer sim- 
ulation (or Monte Carlo) approach can be 
applied to hypothesis testing with any type 
of statistical test; Martins and Garland 
(1991) originally developed it for testing 
correlated evolution. 

We illustrate the simulation approach 
with an analysis of differences in home- 
range area between two clades of mam- 
mals, the Carnivora (primarily carnivores 
but including some omnivores) and un- 
gulates (exclusively herbivores in the pres- 
ent subset of species) (Fig. 1). Differences 
in home range between trophic categories 
(e.g., Fig. 2) are of long-standing interest 
to behavioral and physiological ecologists. 
For mammals, herbivores tend to have 
smaller home ranges than do carnivores 
(Milton and May, 1976; Harestad and Bun- 
nell, 1979; Garland, 1983; Calder, 1984; 
Harvey and Pagel, 1991:30-31, 122; Dun- 
stone and Gorman, 1993; and refs. therein). 
In simple (and adaptive) terms, this differ- 
ence has been explained by the higher tro- 
phic level occupied by carnivores, which 
means that their food (herbivores) is more 
widely dispersed and offers fewer joules 
per unit home-range area than does the 
food of herbivores (plants). The data for 
the 49 species that we analyzed are part of 
a larger study (Garland, 1992; Garland et 
al., 1992; Garland and Janis, 1993; Janis, in 
press) and are used here primarily for heu- 
ristic purposes. The generality of our re- 
sults should be tempered by the knowl- 
edge that only a sparse sample of the 
diversity of living carnivores and herbi- 
vores is included. However, these 49 spe- 
cies do appear to represent an unbiased 

sample, with respect to home-range area, 
of Carnivora and ungulates. Moreover, the 
same conclusion-that home-range area 
does not differ significantly between Car- 
nivora and ungulates-is reached when the 
data are analyzed by the proposed simu- 
lation methods, by phylogenetic autocor- 
relation procedures, and by an indepen- 
dent-contrasts approach. Our sample data 
also help point out the limitations of com- 
parative analyses in which phylogeny is 
perfectly confounded with the indepen- 
dent variable (diet, in the present case). 

Specification of Phylogeny 
All of the tests proposed herein require 

specification of the phylogenetic topology 
and branch lengths for the species under 
study. This requirement is consistent with 
those for phylogenetically based methods 
for estimating and testing evolutionary 
correlations (Felsenstein, 1985, 1988; Gra- 
fen, 1989, 1992; Harvey and Pagel, 1991; 
Lynch, 1991; Martins and Garland, 1991; 
Garland et al., 1992). To avoid circularity 
(but see de Queiroz, 1989: appendix 4), the 
phylogenetic information should be based 
on data other than and independent of the 
phenotypic characters to be studied (Fel- 
senstein, 1985, 1988; Brooks and Mc- 
Lennan, 1991; Harvey and Pagel, 1991; 
Martins and Garland, 1991; Sillen-Tullberg 
and Moller, 1993). The composite phylog- 
eny used here is depicted in Figure 1; its 
evidential support is presented in the Ap- 
pendix. 

Specification and implementation of the 
Model of Evolutionary Change 

The simplest model for the evolution of 
continuous traits is Brownian motion, in 
which the successive changes of a char- 
acter are independent of each other (un- 
correlated) and of the character's starting 
value and are equally likely to be positive 
or negative. Brownian motion is a good 
model for purely random genetic drift, with 
no selection; it may also be a reasonable 
model for some forms of selection (Felsen- 
stein, 1985, 1988; Charlesworth, 1990; and 
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refs. therein). Because it is a random pro- 
cess with no constraints, Brownian motion 
change can sometimes yield periods of rap- 
id (almost punctuational) change as well 
as apparent trends over time (Lande, 1986; 
Bookstein, 1988: fig. 2). 

In the context of phylogenetic simula- 
tions, Brownian motion can be imple- 
mented by drawing one random change 
for each branch segment from a normal 
distribution and rescaling the variance of 
the normal distribution in proportion to 
each branch segment. If branch lengths in 
units of time (or some other metric that 
varies among segments) are used, then a 
Brownian motion simulation is conven- 
tionally termed "gradual," to indicate that 
characters usually experience greater 
changes along longer branches. If, how- 
ever, all branch segments are set at l ,  then 
the simulation can be termed "speciation- 
al" (Rohlf et al., 1990). The concept behind 
a speciational model is that all change oc- 
curs in association with speciation events; 
setting all branch segments equal to 1 is 
simply a convenient way to simulate this 
process under Brownian motion. Martins 
and Garland (1991) termed such simula- 
tions "punctuational," but speciational is 
a preferable term because punctuational 
usually implies change occurring in only 
one daughter. Huey and Bennett's (1987) 
original implementation of a minimum- 
evolution (=squared-change parsimony of 
Maddison, 1991) algorithm for studying 
correlated evolution assumed speciational 
change. Martins and Garland (1991) and 
Maddison (1991; his weighted squared- 
change parsimony) generalized the Hueyl 
Bennett algorithm for nonequal branch 
lengths (i.e., gradual Brownian motion 
evolution) (see also Garland et al., 1991). 

Brownian motion evolution can be sim- 
ulated with our PC-based PDSIMUL com- 
puter program, which is similar to but more 
flexible than the CMSIMUL program of 
Martins and Garland (1991). The means, 
variances, and correlation of the bivariate 
distribution from which random changes 
are drawn (input distribution of Martins 
and Garland [1991]) can be user specified. 
By default, PDSIMUL and CMSIMUL set 

variances of the input distribution such that 
simulated data sets (i.e., the phenotypes of 
the species at the tips of the phylogeny) 
will, on average, have variances equal to 
those of the real data set (see Martins and 
Garland, 1991). Because ANOVAs are based 
on relative amounts of variation within 
versus among groups, this scaling of vari- 
ance is immaterial for the analysis of data 
sets simulated under Brownian motion. 
(The same is true for analyses of correla- 
tions [Martins and Garland, 19911, al- 
though estimation of regression slopes does 
depend on the actual proportionality of 
variances of different characters.) 

As many workers have emphasized, both 
the inference of phylogenetic trees them- 
selves and inferences about how other 
characters have evolved along given trees 
depend crucially on the model of change 
assumed (e.g., Felsenstein, 1985, 1988; Fri- 
day, 1987; Rohlf et al., 1990; Harvey and 
Pagel, 1991; Maddison, 1991; Maddison and 
Slatkin, 1991; Martins and Garland, 1991). 
Although Brownian motion models of 
character change lead to relatively simple 
analyses, many other models are possible, 
at least some of which are probably more 
biologically realistic (Felsenstein, 1985, 
1988; Martins and Garland, 1991). The evo- 
lutionary relevance of P values derived 
from simulated data depends on the real- 
ism of the simulation conditions (cf. Stan- 
ley et al., 1981; Carpenter, 1992a, 1992b). 
Accordingly, we have also developed sev- 
eral other simulation models (available in 
PDSIMUL), all of which allow some pa- 
rameters to be empirically scaled. 

One model is the Ornstein-Uhlenbeck 
(OU) process, which has been described by 
Felsenstein (1988:464): 

Uhlenbeck & Ornstein defined a diffusion process 
that has a linear [force] returning [a particle] to a 
central point. At any instant the expected change 
is toward that point, at a rate proportional to the 
particle's distance from the point. The change var- 
ies around this in a way otherwise typical of 
Brownian motion. 

According to Felsenstein (1988), the OU 
process is a good model for the motion of 
a population wandering back and forth on 
a selective peak under the influence of ge- 
















































