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may have evolved large size separately, perhaps caused by natural selection
or another evolutionary force. The interplay between species’ phylogenetic
relationships and their character traits can be informative about the order,
rate, and time that traits evolved.

The methods available for testing evolutionary hypotheses of trait evolu-
tion are increasing in number. Parsimony—the evolutionary scenario requir-
ing the fewest number of character changes on a phylogenetic tree—has long
been used to choose one possible evolutionary history over another. Although
undeniably useful, parsimony lacks a framework to allow explicit statistical
testing of hypotheses. In contrast, the statistical properties of maximum like-
lihood (ML) are well understood, and the pioneering papers of Felsenstein
(1981), Pagel (1994) and Schluter et al. (1997) more recently have shown
ways to use ML to relate traits to phylogenies, allowing the development
and application of statistically more rigorous methods for testing a variety
of evolutionary hypotheses. In this review, I first present an introduction to
how ML is used to model trait evolution, separately presenting discretely
varying and continuously varying characters. Next, I review the recent litera-
ture where ML has been used in character evolution studies, focusing on esti-
mating the directionality of character change, estimating ancestral states, and
comparing alternative models of character evolution. I conclude by discuss-
ing some difficulties with the methods and likely areas of future research.

TWO CLASSES OF LIKELTHOOD MODEL
FOR TRAIT EVOLUTION

Models of character change along a phylogeny can be divided into two
classes distinguished by the type of variation exhibited by the trait in ques-
tion, which in large part have maintained separate mathematical frameworks.
First are discrete character models, whose states fall into distinct alternatives
such as the presence versus absence of particular features in an organism.
Molecular sequences are also discrete characters; however, these models
and the vast related literature is not discussed in the current review. The
second class of models is for quantitative characters, which exhibit continu-
ous variation and include, for example, body size and vocalizations.

Modeling Discrete Character Change on a Phylogeny

Maximum likelihood (ML) has been applied rather recently to the problem
of modeling discrete morphological and behavioral characters on a phylogeny
(Pagel 1994; 1999; Schluter et al. 1997). However, the approach shares many
similarities to the more familiar use of ML with DNA sequence data; both
assume that a time-reversible Markov process describes evolution from
ancestor to descendent. The aim of the methods is to calculate the like-
lihood of observing a set of character states for a group of taxa given a set
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Likelihood Models of Trait Evolution 3

of relationships (including divergence times) derived from a phylogenetic
tree and a model of character evolution.

The model of character evolution depends mainly on the number of pos-
sible states of the character being modeled. Often morphological and beha-
vioral characters have two states—presence and absence—and I will
present a two-state model here, although the same ideas can easily be
extended to characters with more states. The first step in determining a
model is to specify parameters that describe the rate of change from one char-
acter state to another. With two character states, a general model requires
only two parameters, one specifying the rate of gain and one specifying
the rate of loss of a character. Pagel (1994) called these parameters oo and
p. If the two character states are ‘‘absent’” and ‘‘present,”’ then the rate of
gain (going from absent in the ancestor to present in a descendent) is «
and the rate of loss (evolving from present to absent) equals 5. Usually the
states absent and present are scored numerically as O and 1, respectively.

The mathematical expression of a two-state model of trait evolution is a
table of rates, which can be expressed as a 2 X 2 matrix.

—a o
o- (7 %) o
The instantaneous rate matrix, Q, represents the rate of character change in
an interval of time, d, and each element Q;; represents the rate of change from
state 7 to state j. Based on the assumptions of a Markov probability model, the
diagonals of the matrix are assigned so that the sum of each row is O.
To use this model in the context of maximum likelihood, we need to know
the probability of starting in any state and ending in any state, so the
transition probability matrix, P, is calculated as:

Py(1) = ¢ (2)

where ¢ is time (in trait evolution models, time is the relative divergence time
between ancestor and descendent). More complex models are implemented
with numerical methods, but for simpler models like the two-state model
under discussion, Pij(t) can be evaluated analytically (see for example Pagel
1994):

et (2B N B ) Lo
Pij(t): OC+,8 O€+ﬁ “+ﬁ 0(+ﬁ (3)

pe'-2P) B pe'-*=P o
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The elements of the transition probability matrix, P, represent the prob-
ability of starting in a state 7 and ending in a state j. In a two-state model,
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4 T. H. Oakley

i = “absent” =0 and j= “present”” = 1. For example, P, () specifies the
probability of starting at state 0 (absent) and remaining in state 0 (absent)
after some amount of evolutionary time (f).

Using a phylogenetic tree (with relative branch lengths for time) along
with the probability formulas, we can specify likelihood functions to describe
different character trait changes. This provides a statistical framework for
testing a variety of hypotheses. I next use the notation just presented to
describe how to construct likelihood functions to test different types of
hypotheses, including the directionality of trait evolution and relative support
for alternative states of ‘‘ancestral’” species—the hypothetical common
ancestors at the branching points of phylogenetic trees.

An important application of the preceeding ML model is to compare rela-
tive rates of gain and loss of a trait during evolution. For example, a
researcher may be interested in eye evolution, and more specifically in
whether eyes are more frequently gained or lost during evolution. Recall
that o and 8 describe the rates of gain and loss during evolution of such a
trait. Estimates of these parameters, calculated by maximizing a likelihood
function that sums over all possible evolutionary histories, can be compared.
I first describe mathematically how to construct such a likelihood function
and then present a specific example for illustrative purposes.

The ML estimates of o and f§ are the values that maximize L(o, f§) :

L(o, B) = Z P(X), X, ... Xy) (4)
X, X5 Xy
where X|,X,,...,Xy is a set of character states (i.e., present or absent) at

the ancestral nodes (branching points) of the phylogenetic tree in question.
The sum in Eq. (4) is over all possible combinations of states at ancestral
nodes and the probability for each set of states is calculated as:

P(X13X27"'7XN):HPH, (5)

where p” is the probability of starting in state X; in an ancestor (i) and ending
at state X, in a descendent (') after time f;;, the branch length between i and
i’. The product in Eq. (5) is over all branches on the tree in question.

As one specific example of how to construct such a likelihood function,
consider a phylogenetic tree with four organisms (Figure 1). Branch lengths
are assumed to be proportional to time, and three branch points are labeled
nodel, node2, and node3. One possible set of states at these branch points
is nodel =0, node2 =0, node3 =0. Using the probability functions just
described allows the specification of the probability for that set of states.
Consider one branch of the tree at a time: node3 is in state 0, and its descen-
dent is organism A, which we observe is in state 1. The branch between
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more support for changes in body size proportional to the number of
speciation events.

In addition to continuous characters, model comparisons can also be made
for discrete characters. Rockman and Rowell (2002) examined the evolution
of chromosome number in a clade of Australian onychophorans. One of their
tests rejected the null hypothesis of a constant rate of evolution of karyotypic
changes. The null model assumed a single rate of evolution for every branch
of the phylogeny. This was compared to a model where every branch was
allowed to take a different rate of evolution. Rockman and Rowell (2002)
compared the alternatives with a likelihood ratio test employed with a
simulated null distribution.

ASSUMPTIONS OF TRAIT EVOLUTION METHODS

As with any methodology, maximum likelihood approaches to understand-
ing trait evolution make certain assumptions, which can affect interpretation
of the results. When considering character evolution, two particularly rele-
vant concerns are the accuracy of estimates of the phylogeny and branch
lengths, and directional biases of the character in question (see also
Omland 1997; 1999).

Estimating the Tree and Branch Lengths

Perhaps the most important consideration when making inferences about
character evolution from phylogenetic relationships is the accuracy of the
relationships themselves, which involves three different factors: tree
topology, branch lengths, and taxon sampling.

The accuracy of tree topologies—the branching order of a tree—is almost
certainly the most intensively studied area of systematic biology (e.g., Hillis
1995). The development in this area with the most important implications
for character evolution analyses may be the incorporation of uncertainty of
the tree using Bayesian statistics (Huelsenbeck et al. 2000; Lutzoni et al.
2001). The Bayesian approach uses Markov chain Monte Carlo (MCMC)
to estimate the posterior probability of all possible phylogenetic trees given
the data. Inferences can then be made about character evolution by consider-
ing all trees, weighted by their posterior probability. Huelsenbeck et al.
(2000) introduced such an approach with an example to estimate the relative
rate of loss of a caste of horned soldier aphids. They concluded that losses of
the caste probably occurred more frequently than gains, although the
converse was within the 95% confidence limit. Lutzoni et al. (2001) took
a similar approach and found that the rate of loss of lichenization exceeded
gain. In this case, a Bayesian approach was particularly useful because the
tree topology was uncertain. The Bayesian approach is promising in that it
provides a quantitative and statistically well-founded way to incorporate

365

370

375

380

385

390

395

400



Q1

12 T. H. Oakley

uncertainty about the phylogenetic tree. However, it is a new phylogenetic
technique and factors such as the length of time necessary to estimate accu-
rately the entire posterior probability distribution have not yet been studied in
detail.

In addition to topology, branch length estimates and taxon sampling are
particularly important and related considerations. These considerations are
highlighted in a study by Ree and Donoghue (1999), who examined the
evolution of flower symmetry in asterid angiosperms. There is considerable
controversy as to the more common direction of evolution between radially
and bilaterally symmetric flowers. Ree and Donoghue (1999) used a large
angiosperm phylogeny compiled from various studies. Therefore, branch
length estimates were not available, leading them to perform sensitivity ana-
lyses by changing branch lengths and the effective number of taxa sampled.
These numerical experiments led them to the realization that estimated rates
of change are highly sensitive to assumptions about taxon sampling and
branch lengths. They point out that the rate of evolution effectively equals
the number of changes divided by the total time available for change. There-
fore, increasing the time available for change lowers the estimated rate of
evolution. The time available for change is directly inferred from branch
length estimates, having a direct effect on rate estimates. In addition, taxon
sampling can have an indirect effect on rate estimates. For example, sampling
more taxa from a group with the same character state may increase the
inferred amount of time available for change away from that state.

Given that maximum likelihood methods are sensitive to branch length
estimations, an important question is, ‘“What is a good source of data for
such estimates?”” Many researchers use molecular sequences, leading to the
assumption that the amount of change of one or a few particular genes is a
good predictor of the expected change of the trait in question. This assump-
tion has been met in a few limited cases (e.g., Omland 1997; Mooers et al.
1999; Marko and Moran, 2002) but remains largely untested. The Bayesian
approach detailed earlier will also incorporate uncertainty about branch
lengths. However, the uncertainty is with respect to the estimate from the
data at hand, and is not related to the relationship between the branch lengths
and the character in question. Finally, fossil data can provide an important
source for divergence times. However, this approach only leads to a slightly
different assumption: that divergence time is a good predictor of change in
the trait in question. One potential approach might be to compare different
predictors of morphological change, and choose the estimate that best
describes the data (as described above for continuous characters). This
assumes that one has the luxury of having multiple ways to estimate
branch lengths, which is rarely the case.

Even more difficult than branch length concerns may be taxon sampling
and related issues. As mentioned earlier, the choice of which organisms to
include in an analysis can have an indirect effect on ML parameter estimates
of character evolution; sampling more taxa with the same state increases the
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Likelihood Models of Trait Evolution 13

““path length” or the estimated time available for change, thus decreasing the
estimated rate of evolution. This leads to the assumption that the taxon-
sampling scheme utilized creates path lengths for each character state that
are proportional to actual path lengths of the states during evolution. Such an
assumption is usually very difficult to assess. First, for many groups we know
neither the overall number of species nor the character states for those
species. Second, extinction can make the representation of character states in
living taxa far different than the historical proportions.

Directional Bias in Character Evolution

Although directional bias in character evolution is often the focus of inves-
tigations such as those described earlier, the same biases can make correctly
estimating ancestral states quite difficult. Cunningham et al. (1997) provided
a simple and clear discrete-character example, where each of four different
virus lineages independently evolved under laboratory conditions a large,
identical lesion in part of a gene. There was a strong bias toward evolving
the lesion, probably driven by selection for faster replication with less
DNA. Given that all four lineages contain the lesion, any method of ancestral
state reconstruction would incorrectly indicate that the common ancestor also
had the lesion (Cunningham et al., 1998). This error is the direct result of bias
in the direction of evolution—without other information, we assume that
gaining the lesion four times separately is less likely than a single gain.

Continuous characters sometimes behave the same way. Oakley and
Cunningham (2000) found that viral lineages exhibited a trend toward low-
ered fitness, probably caused by high mutation rate and low population
sizes. Because each of 10 lineages had low fitness, estimates of ancestral fit-
ness were also low, at odds with the observed fitness of the ancestors. Web-
ster and Purvis (2002) found a similar result in foraminifera sampled from
multiple stratigraphic intervals. In the forams, an increasing trend in body
size made ancestral state estimates highly inaccurate.

One way to deal with unknown biases in the directionality of character
evolution is to perform sensitivity analyses that test how robust ancestral
state estimates are to assumptions about directionality. Such studies were
first done with parsimony by assigning a higher cost to changes in one
direction compared to the other. Oakley and Cunningham (2002) took a
similar approach with ML and compared alternative hypotheses while
using models that varied by assuming the rate of change in one direction
was a function of the rate in the other direction. More specifically, we created
models where the rate of eye loss (f§) was a function of eye gain (x); rate of
loss ranged from 1 to 35 times as likely as rate of gain (e.g., x=35f). As
expected, the estimates of ancestral states changed depending on the function
used, highlighting a general problem with the approach of ancestral state
reconstruction. The results are highly sensitive to the model of character

450

455

460

465

470

475

480

485

490



14 T. H. Oakley

evolution, yet the information needed to create such detailed models is often
lacking (Oakley and Cunningham, 2000; 2002).

Although biases in directionality can be a problem, the ML models can
estimate the relative rates of character evolution. Therefore, if the estimates
are accurate they could often provide an objective way to incorporate direc-
tional bias for ancestral state estimation. Given the growing number of
studies that seek to estimate directional bias in character evolution or ances-
tral character states, an important and understudied topic of investigation is
how accurately likelihood methods estimate these rates. A final answer to
this question awaits more formal tests, probably by computer simulation.
Nevertheless, some results that are already available suggest that the esti-
mates may be sensitive to particular assumptions. An illustrative study in
this regard was published recently by Schultz and Churchill (1999), who
used a Bayesian approach to ancestral state estimation. They examined the
effect of prior beliefs about rates of evolution and directional bias on ances-
tral state estimates, modeling prior beliefs as different prior probability dis-
tributions. Although they found that their simulated data could often yield
concrete conclusions regardless of prior beliefs, they argued that conclusions
based on real data sets might often depend heavily on prior beliefs. Schultz
and Churchill (1999) studied ancestral state estimates, but these conclusions
probably also apply to estimates of directionality in evolution. For example,
for certain characters such as gain and loss of eyes—which are rapidly lost
when light is absent—we might have a rather strong a priori reason to believe
that character evolution is biased in one direction over the other.

SUGGESTIONS FOR FUTURE WORK

Parameter Estimates Across Multiple Characters

A promising and straightforward development in the area of character evo-
lution may be to study suites of characters that can be modeled using the
same rate parameters. DNA sequences provide an established example, and
the same ideas could be applied to morphological, behavioral, or other
types of characters. Although morphological characters are usually analyzed
one at a time, we assume that adjacent sites of DNA sequences evolve simi-
larly and independently. Therefore, presumably accurate estimates of para-
meters such as relative rates of different mutations are be obtained by
considering hundreds or thousands of individual sites. Suites of morpho-
logical characters could also be modeled in a similar way. For example,
Danielopol et al. (2000) described several characters with states that differed
in the number of setae (‘‘hairs’’) in a particular place. He used parsimony to
infer the phylogeny based on these characters, but one can imagine a likeli-
hood model with two parameters, gain of setae and loss of setae, that could be
applied across multiple characters. Such a model could allow an estimate of
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phylogeny and/or estimates of the rate of gain and loss of setae during evo-
lution. Another potential application is the study of developmental or
biosynthetic pathways. One could define parameters that describe the
evolution of one pathway state into another—for example, rate of gain of
an enzyme in a biosynthetic pathway or rate of gain of a spatial or temporal
gene expression domain during evolution. Estimates of these parameters
could be based on many different pathways and allow evolutionists to test
many different questions about rates of evolution.

Prior Probabilities (Better Models)

As discussed earlier, the subject of developing better models for character
evolution is related to the topic of prior probabilities for models. For exam-
ple, a researcher may want to know the true bias in directionality of a char-
acter such as gain versus loss of eyes—in other words, how often eyes are lost
relative to gained during evolution (Oakley and Cunningham 2002).
Although such rate parameters cannot be known for certain, beliefs about
them can be quantified by incorporating them as a prior probability distribu-
tion for the model of character evolution. The question then becomes how to
determine such a prior probability. One approach might be to apply results
from one taxonomic group as a prior probability for another group. Similar
ideas were proposed in a parsimony framework by Omland (1997). Groups
with rich fossil histories might be especially good for providing prior prob-
abilities, because the fossil record has a true temporal component, which is
not available when only comparing extant taxa. For example, to estimate a
prior probability for compound eye evolution in arthropods, one could esti-
mate rates of eye gain and loss in Trilobites, which have a superb fossil
record complete with eyes. Along with existing methods, all of these pro-
posed developments must be tested, relying on simulation or systems with
well-understood histories (Oakley and Cunningham 2000; Polly 2001;
Webster and Purvis 2002).

SUMMARY

Examining the relationships between organismal traits and phylogenetic
trees is an important way to study evolution. The methods for making such
comparisons are themselves evolving and have rather recently been devel-
oped in the explicit statistical framework of maximum likelihood. These
methods allow for statistical comparisons of different hypotheses, including
directionality of trait evolution, ancestral state reconstruction, and the com-
parison of different models of evolution. Although the methods have advan-
tages of earlier, largely nonstatistical methods, results still must be
interpreted with caution. Of primary concern are issues of accuracy of the
phylogenetic tree itself, which the inferences about trait evolution rely on.
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Future developments likely will improve models of evolution and continue to
test the robustness of the methods under different evolutionary scenarios.
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