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Abstract

How do traits change through time and with speciation? We
present a simple and generally applicable method for comparing
various models of the macroevolution of traits within a maxi-
mum likelihood framework. We illustrate four such models: 1)
variance among species accumulates in direct proportion to
time separating them (gradual model); 2) variation accumulates
with the number of speciation events separating them (specia-
tional model); 3) differences between species are unrelated to
phylogenetic relatedness (pitchfork model); and 4) a free model
Where the trait evolves at its own idiosyncratic rate among
lineages. Using species-specific body size, we compare the four
models across two data sets: twenty-one clades of vertebrate
species, and two clades of bird families. For the twenty-one
vertebrate trees, the pitchfork model is most successful, though
not significantly, and the most successful by far for the youngest
clades. The speciational model seems to be preferred for older
clades. For both clades of bird families, the speciational model
offers the best fit to family-level body size evolution. However,
the pitchfork model does much worse for one clade than for
t}?e other, suggesting a difference in the relationship between
diversification and body-size evolution in the two groups. These

examples highlight some possibilities afforded by this simple
approach,
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Introduction

How can we best model the evolution of morpho-
logical traits among species? There are several
reasons to investigate the fit between traits and a
priori models. First, a successful fit to an a priori
model would quantify the phylogenetic component
to the evolution of the trait, revealing historical
constraints on evolution. Second, the degree of suc-
cess among models might point to instances of
niche-shift, whereby closely related species are
divergent in the trait of interest. This would bear
directly on the forces associated with speciation.
Third, results from contrasting models will lead
us to a clearer assessment of how traits change
with time, information critical to the success of
the modern comparative method (Harvey & Pagel,
1991).

Most current models of trait evolution include
parameters such as the time available for evolution
along-lineages, the form and strength of selection,
and degrees of relatedness among groups. The
impetus for many of these models comes originally
from systematic studies: an evolutionary model of
trait evolution offers criteria for the choice of a
preferred tree from among several possible by
looking for the tree that best fits the known character
states of the terminal taxa. These same models can
be used to investigate the evolution of characters
on trees. For example, maximum parsimony, which
searches for the minimum number of transitions
among states, performs best under a model of
evolution wherein the rate of change of characters
is low relative to the number of speciation events
and not excessively unequal across lineages
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(Felsenstein, 1983). This is the model assumed by
default when using maximum parsimony for both
tree reconstruction and character reconstructions
on trees (see e.g. Brooks & McLennan, 1991). A
popular class of models is based on random walks
~ the Markov process (see Maddison, 1991, Pagel,
1994, 1997, Schiuter et al., 1997) for discrete traits
and Brownian motion for continuous traits (Edwards
& Cavalli-Sforza, 1964; Maddison, 1995; Felsen-
stein, 1988; Pagel, 1997, see also Schluter et al.,
1997). Brownian motion is also at the centre of a
widely-used approach to comparative analysis —
Felsenstein’s (1985) phylogenetic independent
contrasts method. The models are simple and
tractable, having very few parameters and known
statistical properties.

Here, we illustrate how such a model-based
approach can be applied to macroevolutionary
hypotheses. We test four scenarios representing
four different views of the evolution of a particular
quantitative trait, body size. Body size is tightly
linked to many aspects of species-specific ecology
(Peters, 1983; Brown, 1995) and is often the focus
of macroevolutionary studies. Using stochastic
Brownian motion as our core assumption, we test
(i) the gradual model, where (squared) differences
in body size among species are expected to be
directly proportional to the time available for
change; (ii) a speciational model, where these
differences in body size are proportional to the
number of speciation events separating species;
(iii) a pitchfork model, where differences in body
size are independent of both time and number of
speciation events, such that differences among
species are expected to be the same for any pair
of species, regardless of phylogeny; (iv) a null
model, wherein the trait can evolve at a different
rate on each branch of the phylogeny: the resulting
tree describes the observed differences among taxa.
Other, more complex models can be envisioned,
both within a Brownian motion framework, and
using different approaches (e.g. the Ornstein-Uhlen-
beck process — see Lande, 1976; Felsenstein, 1988;
Hansen, 1997).

We test these four models with two comple-
mentary data sets. The first data set is an exhaust-
ive sample of complete phylogenetic trees for
vertebrate clades constructed from molecular data.

They must be complete for our purposes because
the speciational model needs information on all
speciation events. Because they are complete, the
trees tend to be small and sample events of the
relatively recent past.

The second data set consists of two complete
clades (the Ciconiiformes and Passeriformes) of
avian families. Here we consider the evolution of
body size at the family level and above, which is
the same level in the tapestry of the birds (Sibley
& Ahlquist, 1990) considered by Nee et al. (1992)
in their studies of macroevolution. Both clades are
parts of accelerated radiations within the phylogeny
of birds (Nee et al., 1992). They are fairly large
(with 28 and 31 taxa, respectively) and sample
events of the more distant past than do those in
the first data set.

" Because a common process of character change

(Brownian motion; Felsenstein, 1985) was used
as the basis in all four evolutionary models, we
can compare them using the concept of maximum
likelihood (Edwards, 1992): the better the fit
between model and data, the higher the likelihood
returned.

Methods
The models

Underlying all four models is the assumption that
changes in body size can be modeled by a contin-
uous random walk (Brownian motion). Under this
process, change is continuous, reversals in direction
are frequent, the expected rate of change is the

“same at all stages and in all lineages, and evolution

is unbounded (Felsenstein, 1985). Different theories
of biological evolution assume different relation-
ships between the amount of time that passes and
the amount of evolutionary change that occurs. The
gradual model (Fig. 1A) is the only one that con-
forms precisely to Brownian motion: the squared
differences in body size between any two species
should be proportional to the time separating them.
For example, closely-related species should have
similar sizes. This is the pattern expected under
conditions of evolution by genetic drift (Lande,
1976; Lynch, 1990). However, natural selection
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Fig. 1. Characterization of four models for the evolution of quantitative traits. Branch lengths represent the expected amount of
change occurring along that lineage. (A) Gradual model, where change is correlated with time. This mirrors the actual phylogenetic
tree. (B) Speciational model, where change is correlated with speciation events. (C) Pitchfork model, where there is no phylogenetic
component to trait evolution, but each tip is equally divergent from all others. (D) Free model, where each branch is free to vary, and
the tree represents the set of branch lengths which best fits the Brownian motion process to the trait data.

can lead to a similar outcome if selection pressures
vary unpredictably (Felsenstein, 1981).

The other three models are made to correspond
to a Brownian motion process by adjusting relative
branch lengths on the phylogenetic tree, essentially
manipulating time. Under the speciational model
(Fig. 1B), the squared differences between species-
specific body size should be proportional to the
pumber of speciation events that separate them,
Irrespective of the time elapsed. Under this view
(for examples, see Rohlf et al., 1990; Harvey &
Purvis, 1991: box 2), change in trait values occurs
rapidly at, or shortly after, speciation, and stasis
follows until the next speciation event. This pattern
Is associated with the view that speciation is some-
how necessary for change to occur (Eldredge &
Gguld, 1972; Gould & Eldredge, 1993) and may
arise for many reasons — for example, if speciation

is associated with niche shifts, which may happen
commonly in adaptive radiations. This model is a
common default setting for trees used in compara-
tive studies when there is no branch length infor-
mation,

Under the third model (the pitchfork model, Fig.
1C) squared differences are unrelated to time or
speciation events. Closely-related species are no
more likely to be similar in size than any two species
picked at random. We can test it using the Brownian
motion process by setting all internode distances
to zero, and setting all terminal branches to unit
length, creating a star, or pitchfork phylogeny. Suc-
cess of this scenario would suggest that phylo-
genetic history is of no importance to the evolution
of body size. Another interpretation of this model
is that estimated topology used is very wrong: re-
moving any internal structure (making a pitchfork)
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might then actually be a better representation of
the true phylogeny than that used in the other
models.

The final model tested (the free model, Fig. 1D)
is qualitatively different from the other three, and
can be viewed as the null model. Here the topol-
ogy of the tree is kept fixed, but we allow each
branch length to vary freely until the most likely
set of branch lengths is found, given the body sizes
of all the species in the clade. This set of branch
lengths produces the best fit to the Brownian motion
process, effectively allowing body size to evolve
at any number of rates. The length of each branch
is the best descriptor of how size differences among
species actually accumulated in that interval. A
significant improvement under this model would
suggest that the simpler models presented do not
reflect the true pattern of body-size macroevolution.
A drawback of this fourth model is that it is too
unconstrained: it is hard to imagine that every
branch (internode) requires a brand-new param-
eter governing change. Thus the degrees of free-
dom (number of parameters to estimate) are in-
flated, making simpler models harder to reject.

Data collection

The first data set comprised a group of species-
level molecular phylogenies of vertebrates obtained
from the literature. Candidate phylogenies had to
meet three criteria: (1) They had to include at least
N-1 of the N known species of the ingroup (“com-
plete phylogenies”, sensu Mooers, 1995). This re-
quirement greatly restricts the pool of available
trees but is necessary when considering the spe-
ciational model of morphological evolution, where
morphological change is concentrated at speciation
events. We consider the effects of nonrandom ex-
tinction in the discussion. (2) Data sufficient to
reconstruct the author’s tree using their algorithm
had to be included. Most phylogenies were recon-
structed from distance data (genetic distances from
allozymes [Nei, 1978; Rogers, 1972], p-values
based on RFLP data [Nei & Li, 1979], DNA-DNA
hybridization distances [see Sibley & Ahlquist,
1990]), or aligned gene sequence data and com-
monly used models of base substitution (cf.

PHYLIP 3.5¢; Felsenstein, 1995). We reconstructed
each phylogeny using PHYLIP (Felsenstein, 1993;
1995) and algorithms that assume rate constancy
(cf. Hey, 1992). (3) There had to be species-level
size data for all the species in the clade. These
size data were taken as point estimates, and there
was no attempt to assign species-level variances
to the estimate. The maximum likelihood program
adapted to perform the analysis (see below) does
not allow for variance at the tips (though this in-
formation could, in theory, be incorporated) and
most species-level weight data are not reported
with estimates of variance. The weight data were
considered a species-specific trait, as in most com-
parative analyses (Harvey & Pagel, 1991). Where
possible, the mean of male and female weights
was taken; otherwise sexes were pooled. In one
case (Ursidae), female body weight was consid-
ered a better trait to model than male weight be-
cause of the large amount of intraspecific varia-
tioninmalebody size. For the Plethodon and Desmo-
gnathus salamanders snout-vent lengths were
transformed to relative weights by assuming a
constant allometry among species. For the baleen
whales, marine turtles, and the kodkod (an oce-
lot) species-specific allometric relationships were
used (see Table I for references) to estimate body
size. All body weights were logarithmically trans-
formed prior to analysis, such that we studied
changes in proportional rather than absolute body
size. Twenty-one trees from the literature met the
criteria for inclusion. The clades ranged from three
to thirteen species, including ten groups of birds,
six of mammals, three of reptiles, and two of am-
phibians. We restricted ourselves to molecular
phylogenies. We do not feel they are inherently
superior, but only molecular phylogenies allow us
to assign tentative branch lengths to the resulting
trees, using the assumption of the molecular clock.

In addition to body mass, we recorded the age
of the group, estimated as the time of the earliest
split, the number of species in the group, and the
class of molecular data (allozymes, restriction frag-
ments or DNA sequences). The ages were esti-
mates, and were made using a combination of fossil
dates, biogeographic information, and molecular
calibrations taken from the original papers. For
allozyme frequency data, Roger’s D (Rogers, 1972)
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Table I. Maximum likelihood fits for the macroevolution of vertebrate body size under a Brownian motion process and four models.

Maximum log(likelihood) for model’ Sources?*
Taxon? N age (10%) 1 gradual speciational pitchfork free? Tree Age Size
Ammodramus® 8 5.5 0.00 0.09 1.28 6.95 (0.5) 2,48 48,51 15
Anolis? 6 7 0.30 0.00 1.03 4.73 (0.5) 25 25 33,34
Baleen whales¢ 11 17 1.84 1.29 0.00 8.17 (0.8) 1 1 24,39
Billfishe 9 55 0.00 1.07 0.51 7.70 (0.5) 6 3 27,29,43,45
Didelphisd 3 6 0.03 0.04 . 0.00 0.61 (0.6) 30 30 16,18
Desmognathus¢ 7 14.6 0.04 0.23 0.00 4.60 (0.6) 42 9 41
Equusb 3 2.8 0.00 0.01 0.22 1.36 (0.3) 19 51,19 24
Geospiza® 6 0.18 0.00 0.33 0.67 4.61 (0.4) 46 46 23
Gruinae¢ 13 4 0.59 0.00 1.25 13.14 (0.4) 31 31,32 15
Heliodoxaa 5 1.2 0.60 0.00 0.90 3.23 (0.6) 20 46 15
Hominoids¢ 5 15 0.11 0.26 0.00 2.11 (0.7 22 22 24,36
Marine Turtles® 7 120 1.33 0.00 0.71 5.92 (04) 7 7  8,10,17,27,37,38
Ocelots? 6 35 0.00 0.44 0.39 2.99 (0.8) 40 40 36
Quiscalusb 4 21 0.45 0.00 0.02 2.67 (0.3) 51,5 51 15
Phalaropusb 3 4 0.004 0.00 0.13 227 (0.1) 12 51,12 15
Pipilob 4 4 0.44 0.00 0.09 2.92(0.3) 47 47 15
Plethodon2 6 2.5 0.23 0.00 0.36 23109 26 26 4,13,14
Spizellab 6 7.5 1.19 0.58 0.00 7.36 (0.1) 49 49,51 15
Tachyeres® 4 0.06 0.34 0.00 0.04 1.01 (0.9 11 11 15
Ursusa 8 23 0.14 2.28 0.00 8.18 (0.5) 21 21 24,35
Zonotrichigb 5 2.2 0.00 0.19 0.50 3.74 (0.9) 50 50 15
SuM 7.67 6.81 8.10 96.58 (04)

' Poorest-fit model within a row is given a score of 0.00. The bold entry is the best-fit model.

?a: Allozyme data; b: RFLP data; c: sequence data; d: DNA-DNA hybridization data. g

* P-values in parentheses are for the improvement of the best-fit model over other models using a log-likelihood ratio test with
2N-4 degrees of freedom.

* References:

1-Armason & Gullberg, 1994; 2-Avise, pers. comm.; 3-Benton, 1993; 4-Bishop, 1943; 5-Bjorklund, 1991; 6-Block et al., 1993;

7-Bowen et al., 1993; 8-Bustard, 1973; 9-Caccone et al., 1994; 10-Carr, 1952; 11-Corbin et al., 1988; 12-Dittman & Zink, 1991;

13-Duncan & Highton, 1979; 14-Dunn & Heinze, 1933; 15-Dunning, 1993; 16-Eisenberg, 1989; 17-Ernst et al., 1994; 18-Gardner,

1982; 19-George & Ryder, 1986; 20-Gerwin & Zink, 1989; 21-Goldman et al., 1989; 22-Goodman et al., 1994; 23-Grant et al., 1985;

24-Grzimek, 1990; 25-Hedges & Burnell, 1990; 26-Highton & Larson, 1979; 27-Hirth, 1982; 29-Joseph et al., 1980; 30-Kirsch et

al,, 1993; 31-Krajewski & King, 1996; 32-Krajewski & Fetzner, 1994; 33-Losos, 1990; 34-Losos, pers. comm.; 35-Morrow, 1964;

36-Nowak, 1991; 37-Pritchard, 1967; 38-Pritchard, 1971; 39-Ridgeway & Harrison, 1985; 40-Slattery et al., 1994; 41-Tilley &

Bernardo, 1993; 42-Titus & Larson, 1996; 43-Wilson et al., 1991; 44-Wilson et al., 1985; 45-Witzell, 1989; 46-Yang & Patton,

1981; 47-Zink, 1988; 48-Zink & Avise, 1990; 49-Zink & Dittman, 1993; 50-Zink et al., 1991a; 51-Zink et al.,, 1991b.

distances were converted to Nei’s D (Nei, 1978)
distances using an empirical calibration supplied
by N. Grabovac (pers. comm.) before tree con-
struction. While necessarily crude, this allowed
ultrametric trees to be constructed for these data.

The second data set is the higher level phylogeny
for two clades of birds (the Ciconiiformes and the
Pgsseriformes, Sibley & Ahlquist, 1990). The two
bird clades are fairly large (with 28 and 31 tips,
Tespectively), but no raw data are available to

reconstruct the trees for ourselves. We constrained
ourselves to the same level in the tree as Nee et
al. (1992), roughly the family level, where we can
be fairly confident of a complete tree (no missing
lineages). The UPGMA tapestry was used, with
the branch lengths (in AT, H units; Sibley & Ahl-
quist, 1990) taken to be linearly related to time.
Estimates for representative body sizes of the taxa
were reconstructed by hierarchical weighting such
that speciose taxa do not bias the estimate (Harvey
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& Mace, 1982), using weights from Blackburn &
Gaston (1994). Species were first averaged within
genera, and then genera were averaged within
tribes, tribes within subfamilies and subfamilies
within families. Under the gradual scenario, the
family-level representative body sizes were placed
at the highest split within the family, following
the conventions of Mooers et al. (1994). This means
that body-size estimates made from families that
radiated soon after the 10 AT, H unit cut-off will
be found on short terminal branches, while esti-
mates from late-radiating families will be found
on the ends of longer branches. This allows more
time for change in groups whose family-level es-
timates sample less elapsed time. This procedure
conforms with the underlying Brownian motion
process (see below) and does not bias the results
towards preferring one model over another.

Analysis

The goal of the analysis was to determine, for each
clade, which model of character change best de-
scribed the evolution of species-specific body size.
To do this we calculated the goodness of fit of
each model to the body sizes of the taxa at the tips
of the tree. Goodness of fit was measured as the
logarithm of the likelihood of each model given
the data (body sizes) under the Brownian motion
process of character change. Better fits between
the data and a model for body-size evolution will
have higher log(likelihood) scores.

The fits of alternative models were compared
using the differences in their corresponding log(like-
lihoods). The first three models tested have the
same number of estimated parameters. For the
gradual model, there is only one rate. For the spe-
ciational and pitchfork models, we assume that the
traits evolve at different rates on different branches
(e.g. at rate = 0 for the zero length branches of the
pitchfork model and at different rates for the unit
length branches). However, because we set the
branch lengths a priori (ignoring the actual inferred
time between nodes), only one rate parameter is
estimated. The other rates are proportional to it:
we could estimate the actual rate for any branch
on the tree by dividing the single estimated rate

by the branch length taken from the gradual tree.
This rate is uninteresting, however: for the specia-
tional model, it would be the average of the fast
rate at speciation and zero for the duration of that
lineage’s existence. Given that these three mod-
els are equally parameterized, any two are deemed
significantly different when the difference in their
log(likelihoods) is 2.0, corresponding to approxi-
mately a seven-fold difference in their likelihoods
(Edwards, 1992: 180ff). Risch (1992) would pre-
fer a difference of 3.0 before discriminating among
models (corresponding to a 20-fold difference in
likelihoods).

The fourth model is qualitatively different. The
species’ body sizes are used to optimize the branch
lengths, which are unconstrained by a priori hy-
potheses, and so the model has many more pa-
rameters than the first three. The number of extra
parameters is 2N-4 for a tree having N species
(the number of branches in an unrooted tree —1).
This allows us to judge whether the free model is
significantly better than any of the alternatives by
comparing twice the improvement in the log(likeli-
hood) to a chi-square distribution with 2N-4 de-
grees of freedom (see Goldman, 1993).

Given that the actual topology and number of
tips affects the fit of any given data set to a tree,
we cannot compare the values of the same model
for different clades; for example we cannot state
that the gradual model for one group of birds fits
n times better than it does for some other group
(Goldman, 1993). However, individual trees are
independent and the log(likelihoods) for a given
model may be summed across the full data set of
twenty-one trees to yield an overall measure of
the goodness of fit of each model. Because the
differences between the fits of different models
are relevant, but not their absolute value, we scaled
the log(likelihoods) so that the worst-fit model for
any data set was designated zero.

All analyses were performed on a modlﬁed ver-
sion of the CONTML program of PHYLIP (version
3.0, Felsenstein, 1993). The modification allowed
CONTML to return a log(likelihood) for a data
set that was independent of the scale of measure-
ment of body size and total tree length. The modi-
fication is available from the authors upon request.
The Brownian motion model does not require direc-
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tionality (i.e., rootedness) in the tree, and in order
to use CONTML, the rooted trees in Fig. 1 were
made unrooted before analysis. This does not bias
the results in favour of any specific model.

Results
Species-level vertebrate trees

Results for the twenty-one vertebrate trees are listed
in Table I. We will denote the log(likelihood) of a
model as ‘L(model)’ in the text. Ursidae is the on-
ly group where the best-fit scenario offers a sig-
nificantly better fit than the alternatives: L(spe-
ciational) is at least eight times better than its nearest
rival, L(gradual).

There was no significant correlation between
the age of the group and the number of species
included (r=0.10, p=0.16, N=21, on logarithmically
transformed age data). The number of species
included in the group did not correlate with the
ranking of the models (for all three possible com-
parisons of models: Mann-Whitney tests for clade
size, with groups L(model 1)>L(model 2) and
L(model 2)<L(model 1), p>0.5, N=21 for all tests).

By inspection, no one model of evolution was
found to be associated with a particular method of
tree reconstruction. For none of the clades did the
free model, allowing different rates along each
branch of the tree, offer a significantly better fit
to the data than the simpler models (Table I). There-
fore the simpler models cannot be rejected as wholly
Inadequate descriptions of body-size evolution in
these groups.

The pitchfork model was the most successful
model overall, fitting the data 1.75 times better
than did the runner-up, gradual model (evaluated
as exp[7.49-6.93] from Table I). It returned the
highest likelihood in 9 of 21 cases. Furthermore,
the pitchfork model seemed to best it the younger
trees (Mann-Whitney test of differences in age of
Cladps, between groups L(pitchfork)>L(others) and
L(pitchfork)<L(others), p=0.008, N=21; this is
Marginally significant with the Bonferroni correc-
tion [Rice, 1989] for six independent tests [cor-
rected o = 0.008]). By contrast, the speciational
model may fit the older trees better (Mann-Whitney
test of differences in age of clades, between groups

9

Table 1I. Maximum likelihood fits for the macroevolution of
body size for higher clades of birds (trees from Sibley & Ahlquist,
1990) under a Brownian motion process and four models.

Maximum likelihood for model'

Taxon N gradual specia- pitch- best-fit?
tional fork

Ciconiiformes 28 6.43  9.66 0.00 42.97 (0.08)

Passeriformes 31 0.00 5.11 3.28 32.65 (0.6)

! Poorest-fit model within a row is given a score of 0.00.

2 P-values in parentheses are for the improvement of best-fit
over other models using a log-likelihood ratio test with 2N-4
degrees of freedom.

L(speciational)>L(others) and L(speciational)<
L(others), p=0.07, N=21).

Families of birds

Table II lists the fits of the four models of body-
size change to the two family-level trees. For both
groups, the speciational model of evolution offered
the best fit to the data. The clades were not equally
well fit by the other two models: the pitchfork model
did relatively better for the Passeriformes than for
the Ciconiiformes. For neither clade did the fourth
model, whereby each branch has its own rate of
evolution, fit significantly better than the best of
the other three models, though this model did rela-
tively better for the Ciconiiformes. The ages of
the major groups of extant birds extends into the
Cretaceaous (Cooper & Penny, 1997), and cali-
brations presented by Sibley & Ahlquist (1990)
for DNA-DNA hybridization data suggests both
orders originated between 40-80 million years ago.

Discussion
Choice of scenarios and models

The macroevolutionary scenarios presented here
are but a sample of those conceivable. Diaz-Uriarte
& Garland (1996) simulated comparative data using
fifteen different scenarios; not all are tractable.
One entire class of theirs which cannot be tested
in our framework is a random model with a trend:
with only end points, it would be impossible to
estimate the rate at which the mean value for a



10 A.9. Mooers & D. Schluter — Macroevolution of body size

trait changed through time. Another class presented
by Diaz-Uriarte & Garland (1996) allowed for
random motion within preset boundaries. Bound-
aries on trait evolution are intuitively appealing
(trait evolution must certainly be bounded, certainly
on a multiplicative scale) and easy to simulate,
but difficult to model analytically: estimating
boundaries from data would require arbitrary deci-
sions. In Diaz-Uriarte & Garland’s simulation study,
the boundaries were set arbitrarily to maximize
differences between this class and others.

A third class of scenario and one which warrants
more attention is true punctuated evolution (sensu
Eldredge & Gould, 1972): given a model of peri-
patric speciation, change is restricted to the pe-
ripheral isolate, and is uncorrelated with time.
Graphically, at every node in the tree, one daughter
lineage would be represented with a branch of some
length, and the other would have its branch length
set to zero. There is no reason that all peripheral
isolates should undergo the same expected amount
of change (Grafen & Ridley, 1997), but this could
serve as a reasonable first approximation. Diaz-
Uriarte & Garland (1996) state that this scenario
assumes no extinction: this can be relaxed if we
assume that extinction is random across lineages,
in which case extinction should obscure but not
destroy the pattern. This holds for the speciational
scenario tested here as well. However, if extinction
and speciation rates are positively correlated (Ro-
senzweig, 1995), then the speciational hypothesis
should fare well (Ferris et al., 1979). If there is a
bias in future extinction and speciation probabilities
between ancestral species and new peripheral
isolates (cf. Losos & Adler, 1995), then the spe-
ciational hypothesis will be hampered. As with
random motion within boundaries, true punctuated
evolution is easy to simulate, but difficult to model
analytically: it is akin to the free scenario, where
the data are used to estimate the branch lengths,
but with peculiar and discrete constraints: branches
can only be of zero or unit length, and one of each
must occur at each node.

Lynch (1990) suggested that change might be
rapid following a speciation event, and subsequently
slow down, perhaps at an exponential rate. At the
limit, this scenario approaches the speciational hy-
pothesis, but could be better fit with the gradual

hypothesis and an extra parameter governing the
rate at which change slows down after the speciation
event. Such a transformation of branch lengths is
akin to the power functions advocated by students
of the comparative method (Grafen, 1989; Gittle-
man & Kot, 1990; Garland, 1992; Pagel, 1994)
for standardizing phylogenetic independent con-
trasts. This scenario, and others mentioned above,
require the fitting of extra parameters, necessitating
log-likelihood ratio tests or Monte-Carlo tests
(Goldman, 1993) in order to distinguish between
them and simpler hypotheses. More work is required
to offer guidelines for assessing when data warrant
more complex models.

The Brownian motion process is also only one
of several possible models of trait evolution. When
originally proposed as a model for estimating phy-
logenies from quantitative character data (Felsen-
stein, 1981; see Felsenstein, 1988, for a review),
recourse was made to genetic drift as the variance-
generating mechanism. For traits under natural
selection, Brownian motion was deemed “rather
arbitrary” (Felsenstein, 1988: 464). Brownian mo-
tion can, however, represent change in traits under
selection if the selection pressures are multifarious
and constantly changing, or if lineages wander ran-
domly from one regularly-spaced adaptive peak
to another, both of which may be reasonable re-
presentations over long periods of time. Felsenstein
(1985) advocated Brownian motion as a possible
mode! with which to investigate correlated evolution
of characters under selection (the main class of
characters investigated with the comparative me-
thod), and this has become the model of choice in
this context. In simulations, the model performs
well as an approximation even when the true model
is quite different (Martins & Garland, 1991; Diaz-
Uriarte & Garland, 1996).

Hansen & Martins (1996; Martins & Hansen,
1997; Martins, 1994; Hansen, 1997; see also Gar-
land et al., 1993; Felsenstein, 1988) have advocated
the Ornstein-Uhlenbeck process of character change
(Lande, 1976), whereby species are randomly per-
turbed from, and then return towards, some op-
timum value, with the rate of return increasing with
greater perturbance. This model is offered as a
theoretical justification for boundaries on trait
evolution.and so might be seen as a refinement on
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Brownian motion. It is more complex than simple
random drift, and requires fitting several extra
parameters, regardless of the hypothesis tested,
which might not be warrarted with small data sets.
It is hampered by the assumption that all the species
in the clade are centered on the same optimum
value, which must also be specified or estimated
from the data. It also implies that there is no way
to recover distantly past events, as evidence of an-
cient phenotypes will eventually be erased by the
pull toward the central point (Felsenstein, 1988).
However, the model is grounded in population
genetics theory, and links microevolutionary pro-
cess with macroevolutionary pattern and so may
prove to be a valuable and versatile approach. Mar-
tins (1994) and Hansen & Martins (1996) discuss
ways in which the fit of the O-U model can be
compared with strict Brownian motion.

Crucially, our formal approach assumes that the
rate of change for the character(s) under question
is the same throughout the tree. This will not gen-
erally be the case [e.g., changes in discrete char-
acters often appear to be clumped in trees (Grafen
& Ridley, 1997)] for large, disparate clades, but
might be less of a problem for more homogeneous
clades like those considered here. This will add
npise rather than bias when comparing among the
§1mple hypotheses, however, and the assumption
1s partially tested by comparison of these simple
hypotheses with the free scenario. The test is not
perfect, however: where the assumption of equal
ratf:s make the simple scenarios underparame-
terized, assuming a new rate of change for every
branch in the free scenario makes it overparame-
terized.

Our phylogenetic, model-based approach to ma-
croevolution has antecedants. Ferris et al. (1979)
offered a test for comparing the relative importance
of speciation events and time on the probability
of gene function loss within the catostomid fishes,
a discrete character. Their approach was based on
the Poisson process (they assumed irreversibility
of gene function loss) and they contrasted gradual
and speciational models that differed in the number
of estimated parameters, necessitating log-likeli-
hood ratio tests. M. Pagel has presented methods
for testing the speciational model for discrete (Pagel,
1994) and continuous (Pagel, 1997) characters in
a maximum likelihood context. Like Ferris et al.,
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Pagel’s approach compares models with different
numbers of parameters and considers relative fits
via a log-likelihood ratio test.

Garland (1992) offers a graphical method for
investigating the relationship between differences
between sister groups in trait values and their ex-
pected variances. This approach, presented in the
context of correlated evolution, could be used to
distinguish between the speciational and gradual
models of evolution. Finally, there have been a
number of tests of strict punctuated evolution (re-
viewed by Gould & Eldredge, 1993), using both
paleontological and recent data, some of which
make explicit use of trees.

Body-size evolution

Overall, the model which did not incorporate phy-
logeny (the pitchfork model) offered the best fit
to the species-level trees. The difference is not sig-
nificant, but this may suggest that phylogeny may
not be an important factor in body size evolution,
at least at the species level. Body size may evolve
idiosyncratically with respect to time and speciation.
It is known that body size can evolve very rapidly
(Brown, 1995). .

Overall, differences in fits among the models
were small (though for the Ursidae, we might accept
the speciational model as significantly the best of
the lot). The Brownian motion process is inherently
noisy, and so each model might accommodate quite
a range of data when the trees are small, such as
is the case here (most trees have 6 or fewer tips).
Under a Brownian motion process, the test may
have low disciminatory power for small trees.

To explore this point, we analysed a data set
with a well-established prior expectation. We took
the second axis of a principle component analysis
of shape (being mostly size-independent beak mea-
sures) for members of Geospiza and Zonotrichia
(data available on request) and subjected these
measures to the.same four macroevolutionary
models. Previous work (Schluter & Nagel, 1995)
has implicated changes in beak morphology with
speciation within Geospiza, and so we predicted
that the speciational model should best fit the shape
data within this clade, with the pitchfork model
doing the worst. We had no such expectation for
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the sparrows. The results were in accordance with
these predictions — the speciational model offered
the superior fit in Geospiza, performing 125 times
better than the pitchfork scenario. Recall that for
body size, the pitchfork model offered the best fit
in this clade (Table I). Conversely, for Zonotrichia
the pitchfork model offered the best fit, with a 14-
fold difference between it and the worst, gradual
model. So for Geospiza, body shape does carry a
particular phylogenetic signal, consistent with the
idea that changes in shape occur in concert with
speciation events.

Another factor which might affect our results is
tree size. The trees sampled here are so small that
single errors (one nonrandom extinction event or
one misleading branch length) may have a large
effect. This is particularly devastating for the spe-
ciational model. Furthermore, if there is phyloge-
netic signal in body-size differences among species,
the relative success of the pitchfork model for the
younger trees may be because those trees are the
most misinformative, such that the topology is
presenting noise rather than signal. Finally, the
gradual model must be viewed with some caution
for many of the trees listed here because if the
rates of change of the molecules deviate strongly
from the molecular clock expectation, then the
branch lengths may be poor estimates of elapsed
time. Reconstructing the trees without assuming
constant rates of evolution did not however im-
prove the fit over the speciational or pitchfork
models (unpubl. results).

For both groups of bird families, the speciational
model of macroevolution offered a better fit to the
body-size data than did the other models. The phy-
logeny used has come under some criticism (see
Mooers & Cotgreave, 1994), and it is likely that
the branch lengths taken from this tree are not
accurate. This handicaps the gradual model. How-
ever, the difference in relative fit of the pitchfork
model between the two clades suggests that there
may be differences in the pattern of body-size evo-
lution in the two groups — incorporating phylogeny
causes a much improved fit for the Ciconiiformes
versus for the Passeriformes. This is illustrated in
Fig. 2, which contrasts the free trees for the two
groups. For the Ciconiiformes (Fig. 2A), long
branches tend to emanate from long branches (par-
ticularly the path leading to the Procellaridae),

illustrating that there is a phylogenetic component
to the evolution of body size. For the Passeriformes
(Fig. 2B), the free tree looks distinctly pitchfork-
like.

This difference may be explained in several ways.
The songbird tree may simply be less accurate, so
that the topology is presenting so much noise that
a pitchfork phylogeny does well in comparison.
In the UPGMA tree of the birds, shorter branches
are considered less reliable (Sibley & Ahlquist,
1990; Barraclough et al., 1995). However, the aver-
age internode length does not differ greatly between
the two clades (mean above-family branch lengths:
Ciconiiformes=1.3 AT, H units, Passeriformes=1.1
AT H units; p=0.14 based on a t-test of logarithmi-
cally transformed data). A more interesting hypo-

.thesis is that changes in body size and diversification

are more closely linked in the Ciconiiformes than
in the songbirds, such that models which do not
incorporate this (the pitchfork model) perform
poorly. This has intuitive appeal, as there is more
variation in body size among families in the former
clade (standard deviation of weights: Ciconiiformes
=0.5; Passeriformes=0.3). In addition, the free mod-
el offered a relatively better fit to the Ciconiiformes
(Table II). Both of these groups are much older
than the average of the smaller species-level ver-
tebrate trees, where the speciational model per-
formed best for the older clades. This trend, if true,
suggests an attenuation in the rate of change through
time, and is supported by the work of Lynch (1990).

Fig. 2 also illustrates another use of this explicit
model-based approach. Long branches under the
free model are lineages where much change has
occurred (either because there has been much elaps-
ed time or high rates of change). A simple regression
of the free branch lengths on the actual (time elaps-
ed) branch lengths can help to identify those lin-
eages of the tree where rates of change have been
particularly high or low, directly analogous to
looking for outliers in plots of standardized con-
trasts in comparative analyses (Garland, 1992; see
also Martins, 1994). The difference is that our
method focusses on single branches rather than
differences between reconstructed sister groups.
These free model trees offer a graphical represen-
tation of tempo and mode in morphological macro-
evolution. ‘

The results of this study have implications for
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Pteroclidae
- Jacanidae

Rostratulidae

Scolopacidae

L. Thinocoridae

| Pedionomidae
Glareolidae-Laridae

—— Chionididae

. Charadridae

Burhinidae

Falconidae

Sagittaridae

Accipitridae

Podicipedidae

|- Phaethontidae
Phalacrocoracidae
Sulidae
Anhingidae
Ardeidae
Scopidae

Phoenicopteridae

l—— Threskiornithidae
Ciconiidae
—L Pelecanidae

— Fregatidae

Spheniscidae

Gaviidae

Procellaridae

f; lhg iA. The free .model for the Ciconiiformes (based on Sibley & Ahlquist, 1990), where the tree represents the set of branch lengths
ich best explain the body-size data. The tree retains some of the original topology.
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Acanthisittidae

Pittidae
—1= EurylaimidaeA

EurylaimidaeB

EurylaimidaeC

- Tyrannidae
. Thamnophilidae
Furnariidae

Formicaridae
_—-I FormicaridaeB
— Conopophagidae
— Rhinocryptidae

Climacteridae

Menuridae-
Ptilorynchidae

- Maluridae
Meliphagidae-Pardalotidae
"| Eopsalitridae

Irenidae

Orthonychidae

Pomatostomidae-Corvidae

Bombycillidae
Cinclidae-Sturnidae
— Sittidae
Certhidae \

Paridae

Aegithalidae

L. Hirundidae

Regulidae-Syividae
Alaudidae

Nectarinidae-Paramythiidae

L—— Fringillidae

Fig. 2B. The free model for the Passeriformes. The tree resembles a pitchfork phylogeny. The tips are the lineages that arise at
10AT, H units; tips with hyphenated names comprise all those families subtending that branch (see Mooers et al., 1994 for full
explanation). »
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comparative analyses. Many comparative methods
rely on an a priori scenario of trait evolution (see
Felsenstein, 1985; Harvey & Pagel, 1991; Martins,
1996). Common algorithms (e.g. CAIC, Purvis &
Rambaut, 1995; the phylogenetic regression, Gra-
fen, 1989) stipulate that the branch lengths on phylo-
genies express the expected amount of morpholog-
ical change, so that they can be used to standardize
comparisons. The branch lengths often represent
time (e.g., see Berrigan et al., 1993) or are made
to represent a speciational model (e.g., see Huey
& Bennett, 1987; Bell & Mooers, 1997). Simulation
studies have shown that methods work best in those
situations that best meet the assumptions (Martins
& Garland, 1991; Diaz-Uriarte & Garland, 1996).
As a guide to comparative biology, the results from
both our data sets do not suggest that any mode of
character change should be used a priori in the
absence of other information. We therefore concur
with Garland and others (Garland, 1992; Diaz-
Uriarte & Garland, 1996) that data sets should be
explored on a case-by-case basis. This same caution
extends to those interested in using the various
models when studying the relationship between
character evolution and phylogenetic tree recon-
Struction (e.g. Rohlf et al., 1990; Heijerman, 1992,
1993; Mooers et al., 1995). No single model should
be preferred 4 priori. However, the approach pre-
Septed here can be used to decide on the appro-
Priate model - the model which best fits the data

V_Vould be that preferred in a subsequent compara-
tive analysis,

Conclusijon

We have presented a simple method of comparison
of well-defined scenarios of macroevolution within
an egplicit model framework. For relatively small,
Spec'les-level vertebrate trees, a model that does
not Incorporate phylogeny offered the best fit to
Variation in body size among species. For two large
trees of families of birds, a speciational model was
preferred. We have shown that the approach can
P_rOd}lce new hypotheses (e.g., concerning the rela-
tive importance of body size in the diversification
O_fSO{lgl_)irds as compared with the Ciconiiformes),
discriminates between alternative modes of evo-
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lution (e.g., within Ursidae) and supports previ-
ous ideas of the correlation of certain characters
with diversification (e.g., within Geospiza). The
approach is likely to prove a powerful method for
investigating macroevolution.
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