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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 maximum 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 (speciational 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 speciesspecific body
size, we compare the four models across two data sets: twentyone clades of vertebrate species, and two clades of bird families. For the
twentyone 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 familylevel body size evolution. However, the pitchfork model does much worse for one clade than for the other,
suggesting a difference in the relationship between diversification and bodysize evolution in the two groups. These examples highlight
some possibilities afforded by this simple approach.

Introduction

How can we best model the evolution of morphological 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 success among models might point to instances of nicheshift,
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 ( ).
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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.4 ( ). This is the model assumed by default when using maximum
parsimony for both tree reconstruction and character reconstructions on trees ( ). A popular class of
models is based on random walks – the Markov process (see ; ; ) for discrete
traits and Brownian motion for continuous traits ( ; ; ; ; see
also ). Brownian motion is also at the centre of a widelyused approach to comparative analysis – 

 phylogenetic independent contrasts method. The models are simple and tractable, having very few parameters and known
statistical properties.

Here, we illustrate how such a modelbased 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 speciesspecific ecology ( ; ) 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 OrnsteinUhlenbeck process – see ; ; ).

We test these four models with two complementary data sets. The first data set is an exhaustive 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 ( )
considered by  in their studies of macroevolution. Both clades are parts of accelerated radiations within the phylogeny
of birds ( ). 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; ) was used as the basis in all four evolutionary
models, we can compare them using the concept of maximum likelihood ( ): 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 continuous 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 ( ). Different theories of biological evolution assume different
relationships 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 conforms precisely to Brownian motion: the squared differences in body size between any two species should be
proportional to the time separating them. For example, closelyrelated species should have similar sizes. This is the pattern expected
under conditions of evolution by genetic drift ( ; ). However, natural selection. can lead to a similar outcome if
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selection pressures vary unpredictably ( ).

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.

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 speciesspecific body size
should be proportional to the number of speciation events that separate them, irrespective of the time elapsed. Under this view (for
examples, see ; : 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 somehow necessary for change
to ; ) 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
comparative studies when there is no branch length information.

Under the third model (the pitchfork model, Fig. 1C) squared differences are unrelated to time or speciation events. Closelyrelated
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.
Success of this scenario would suggest that phylogenetic history is of no importance to the evolution of body size. Another
interpretation of this model is that estimated topology used is very wrong: removing any internal structure (making a pitchfork)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 topology 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 bodysize macroevolution. A drawback of this fourth model is that it is too unconstrained: it is
hard to imagine that every branch (internode) requires a brandnew parameter governing change. Thus the degrees of freedom (number
of parameters to estimate) are inflated, making simpler models harder to reject.

Data collection

The first data set comprised a group of specieslevel molecular phylogenies of vertebrates obtained from the literature. Candidate
phylogenies had to meet three criteria: (1) They had to include at least N1 of the N known species of the ingroup (“complete
phylogenies”, sensu ). This requirement greatly restricts the pool of available trees but is necessary when considering the
speciational model of morphological evolution, where morphological change is concentrated at speciation events. We consider the
effects of nonrandom extinction in the discussion. (2) Data sufficient to reconstruct the author’s tree using their algorithm had to be
included. Most phylogenies were reconstructed from distance data (genetic distances from allozymes ( ; ),
pvalues based on RFLP data ( ), DNA-DNA hybridization distances ( )), or aligned gene
sequence data and commonly used models of base substitution (cf. PHYLIP 3.5c; Felsenstein, 1995). We reconstructed each
phylogeny using PHYLIP ( ) and algorithms that assume rate constancy ( ). (3) There had to be
specieslevel size data for all the species in the clade. These size data were taken as point estimates, and there was no attempt to
assign specieslevel 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 information could, in theory, be incorporated) and most specieslevel weight data are not
reported with estimates of variance. The weight data were considered a speciesspecific trait, as in most comparative analyses (

). Where possible, the mean of male and female weights was taken; otherwise sexes were pooled. In one case (Ursidae),
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female body weight was considered a better trait to model than male weight because of the large amount of intraspecific variation in
male body size. For the Plethodon and Desmognathus salamanders snoutvent lengths were transformed to relative weights by
assuming a constant allometry among species. For the baleen whales, marine turtles, and the kodkod (an ocelot) speciesspecific
allometric relationships were used (see Table I for references) to estimate body size. All body weights were logarithmically transformed
prior to analysis, such that we studied changes in proportional rather than absolute body size. Twentyone 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 amphibians. 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.

Table I. Maximum likelihood fits for the macroevolution of vertebrate body size under a Brownian motion process

and four models.

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 fragments or DNA sequences). The ages were estimates, 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 ( ). distances were converted to Nei’s D ( ) distances using an empirical calibration
supplied by N. Grabovac (pers. comm.) before tree construction. 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 Passeriformes, 
). The two bird clades are fairly large (with 28 and 31 tips, respectively), but no raw data are available to reconstruct the trees for

ourselves. We constrained ourselves to the same level in the tree as  , 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 ΔT50 H units; 

) 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 ( ), using weights from 

 . 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 familylevel representative body sizes were placed at the highest split within
the family, following the conventions of . This means that bodysize estimates made from families that radiated soon
after the 10 ΔT50 H unit cutoff will be found on short terminal branches, while estimates from lateradiating families will be found on the
ends of longer branches. This allows more time for change in groups whose familylevel estimates 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 described the evolution of
speciesspecific 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 bodysize evolution will have higher log(likelihood) scores.

The fits of alternative models were compared using the differences in their corresponding log(likelihoods). The first three models tested
have the same number of estimated parameters. For the gradual model, there is only one rate. For the speciational 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 speciational model, it would be the average of the fast rate at speciation and zero for the duration of that
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lineage’s existence. Given that these three models are equally parameterized, any two are deemed significantly different when the
difference in their log(likelihoods) is 2.0, corresponding to approximately a sevenfold difference in their likelihoods ( :
180ff).  would prefer 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 hypotheses, and so the model has many more parameters than the first three. The number of extra parameters is 2N4 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(likelihood) to a chisquare distribution with 2N4 degrees of
freedom ( ).

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 ( ). However, individual trees are independent and the log(likelihoods) for a given model may
be summed across the full data set of twentyone 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
worstfit model for any data set was designated zero.

All analyses were performed on a modified version of the CONTML program of PHYLIP (version 3.0, ). The
modification allowed CONTML to return a log(likelihood) for a data set that was independent of the scale of measurement of body size
and total tree length. The modification is available from the authors upon request. The Brownian motion model does not require
directionality (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

Specieslevel vertebrate trees

Results for the twentyone 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 only group where the bestfit scenario offers a significantly better fit than the alternatives: L(speciational) 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 comparisons of models: MannWhitney 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). Therefore the simpler models cannot be rejected as wholly
inadequate descriptions of bodysize evolution in these groups.

The pitchfork model was the most successful model overall, fitting the data 1.75 times better than did the runnerup, gradual model
(evaluated as exp [7.496.93] from Table I). It returned the highest likelihood in 9 of 21 cases. Furthermore, the pitchfork model seemed
to best fit the younger trees (MannWhitney test of differences in age of clades, between groups L(pitchfork)>L(others) and L(pitchfork)
<L(others), p=0.008, N=21; this is marginally significant with the Bonferroni correction [Rice, 1989] for six independent tests [corrected
α = 0.008]). By contrast, the speciational model may fit the older trees better (MannWhitney test of differences in age of clades,
between groups 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 bodysize change to the two familylevel 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
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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 relatively better for the Ciconiiformes. The
ages of the major groups of extant birds extends into the Cretaceaous ( ), and calibrations presented by 

 for DNA-DNA hybridization data suggests both orders originated between 4080 million years ago.

Table II. 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.

Discussion

Choice of scenarios and models

The macroevolutionary scenarios presented here are but a sample of those conceivable.  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 trait changed through time. Another class presented by  allowed for random motion within preset
boundaries. Boundaries 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 decisions. In
DíazUriarte & 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 ): given a
model of peripatric speciation, change is restricted to the peripheral 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 ( ), but
this could serve as a reasonable first approximation.  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
( ), then the speciational hypothesis should fare well ( ). If there is a bias in future extinction and
speciation probabilities between ancestral species and new peripheral isolates (cf. , then the speciational
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.

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 hypothesis, 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 ; ; 

; ) for standardizing phylogenetic independent contrasts. This scenario, and others mentioned above, require the fitting
of extra parameters, necessitating loglikelihood ratio tests or MonteCarlo tests ( ) 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 phylogenies from quantitative character data ( ), recourse was made to
genetic drift as the variancegenerating mechanism. For traits under natural selection, Brownian motion was deemed “rather arbitrary”
( ). Brownian motion can, however, represent change in traits under selection if the selection pressures are
multifarious and constantly changing, or if lineages wander randomly from one regularlyspaced adaptive peak to another, both of which
may be reasonable representations over long periods of time.  advocated Brownian motion as a possible model with
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which to investigate correlated evolution of characters under selection (the main class of characters investigated with the comparative
method), 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 ( ; ).

; ; ; ; see also ; )
have advocated the OrnsteinUhlenbeck process of character change ( ), whereby species are randomly perturbed from,
and then return towards, some optimum 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.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
warranted 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 ancient phenotypes will eventually be erased by the pull toward the central point ( ). However, the model is
grounded in population genetics theory, and links microevolutionary process with macroevolutionary pattern and so may prove to be a
valuable and versatile approach.  and  discuss ways in which the fit of the OU 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 generally be the case (e.g., changes in discrete characters often appear to be clumped in trees ( )) for
large, disparate clades, but might be less of a problem for more homogeneous clades like those considered here. This will add noise
rather than bias when comparing among the simple hypotheses, however, and the assumption is partially tested by comparison of
these simple hypotheses with the free scenario. The test is not perfect, however: where the assumption of equal rates make the simple
scenarios underparameterized, assuming a new rate of change for every branch in the free scenario makes it overparameterized.

Our phylogenetic, modelbased approach to macroevolution has antecedants.  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 loglikelihood ratio tests. M. Pagel
has presented methods for testing the speciational model for discrete ( ) and continuous ( ) characters in a
maximum likelihood context. Like Ferris et al., Pagel’s approach compares models with different numbers of parameters and considers
relative fits via a loglikelihood ratio test.

 offers a graphical method for investigating the relationship between differences between sister groups in trait values
and their expected 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 (reviewed by

), using both paleontological and recent data, some of which make explicit use of trees.

Bodysize evolution

Overall, the model which did not incorporate phylogeny (the pitchfork model) offered the best fit to the specieslevel trees. The difference
is not significant, 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
( ).

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 wellestablished prior expectation. We took the second axis of a principle component
analysis of shape (being mostly sizeindependent beak measures) for members of Geospiza and Zonotrichia (data available on request)
and subjected these measures to the same four macroevolutionary models. Previous work ( ) 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.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
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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 speciational model.
Furthermore, if there is phylogenetic signal in bodysize 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 improve 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 bodysize data than did the other
models. The phylogeny used has come under some criticism (see ), and it is likely that the branch lengths
taken from this tree are not accurate. This handicaps the gradual model. However, the difference in relative fit of the pitchfork model
between the two clades suggests that there may be differences in the pattern of bodysize evolution 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 (particularly 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 pitchforklike.

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 ( ; ). However, the average internode length does not differ greatly between the
two clades (mean abovefamily branch lengths: Ciconiiformes=1.3 ΔT50 H units, Passeriformes=1.1 ΔT50 H units; p=0.14 based on a
ttest of logarithmically transformed data). A more interesting hypothesis 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 model offered a relatively better fit to the Ciconiiformes (Table II). Both of
these groups are much older than the average of the smaller specieslevel vertebrate trees, where the speciational model performed
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

.

Fig. 2 also illustrates another use of this explicit modelbased approach. Long branches under the free model are lineages where much
change has occurred (either because there has been much elapsed time or high rates of change). A simple regression of the free
branch lengths on the actual (time elapsed) branch lengths can help to identify those lineages of the tree where rates of change have
been particularly high or low, directly analogous to looking for outliers in plots of standardized contrasts in comparative analyses
( ; see also ). The difference is that our method focusses on single branches rather than differences
between reconstructed sister groups. These free model trees offer a graphical representation of tempo and mode in morphological
macroevolution.

Fig. 2A. The free model for the Ciconiiformes (based on ), where the tree represents the

set of branch lengths which best explain the bodysize data. The tree retains some of the original topology.

Mooers & Cotgreave, 1994

Sibley & Ahlquist, 1990 Barraclough et al., 1995

Lynch (1990)

Garland, 1992 Martins, 1994

Sibley & Ahlquist, 1990
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Fig. 2B. The free model for the Passeriformes. The tree resembles a pitchfork phylogeny. The tips are the

lineages that arise at 10ΔT50 H units; tips with hyphenated names comprise all those families subtending that

branch (see  for full explanation).

The results of this study have implications for comparative analyses. Many comparative methods rely on an a priori scenario of trait
evolution (see ; ; ). Common algorithms (e.g. CAIC, ; the
phylogenetic regression, ) stipulate that the branch lengths on phylogenies express the expected amount of morphological
change, so that they can be used to standardize comparisons. The branch lengths often represent time (e.g., see )
or are made to represent a speciational model (e.g., see ; ). Simulation studies have shown
that methods work best in those situations that best meet the assumptions ( ; ). 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 ( ; )
that data sets should be explored on a casebycase basis. This same caution extends to those interested in using the various models
when studying the relationship between character evolution and phylogenetic tree reconstruction (e.g. ; 

; ). No single model should be preferred a priori. However, the approach presented here can be used to
decide on the appropriate model – the model which best fits the data would be that preferred in a subsequent comparative analysis.

Conclusion

We have presented a simple method of comparison of welldefined scenarios of macroevolution within an explicit model framework. For
relatively small, specieslevel 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
produce new hypotheses (e.g., concerning the relative importance of body size in the diversification of songbirds as compared with the
Ciconiiformes), discriminates between alternative modes of evo lution (e.g., within Ursidae) and supports previous 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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