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Many evolutionary theories make predic-
tions about the order and timing of character
evolution, and inferring ancestral states is
considered a powerful tool for testing these
theories (Maddison, 1994; 1995; Yang et al.,
1995; Schluter et al., 1997). The most com-
mon method of inference is maximum par-
simony (MP; see Maddison and Maddison,
1992, and references therein). Although MP
may offer reasonable estimates of ancestors
for characters chosen to meet the assump-
tions of the method, or for closely related
species, it may perform poorly when much
opportunity for change exists (i.e., when the
rate of character change is moderate to high
or when much time has elapsed: see Mad-
dison, 1994; Collins et al., 1994; Yang et al.,
1995; Omland, 1997; Zhang and Nei, 1997).
Yet, many traits of interest are expected to
change rapidly, and new methods must be
devised to accommodate this. Such recon-
struction methods now exist for molecular
sequences and amino acids (Yang etal., 1995;
Koshiand Goldstein, 1996; Felsenstein, pers.
comm. [1995]) and for two-state discrete and
continuous data (Martins, 1994; Schluter,
1995; Schluter et al., 1997, Pagel, 1999), but
they have yet to be extensively assessed and
utilized (Cunningham, et al., 1998).

Most of the new methods are based
on simple statistical models and max-
imum likelihood (ML) estimation tech-
niques. Here, we consider one such method
(Schluter, 1995; Schluter et al., 1997), which
uses the Markov-transition rate model to in-
fer changes in two-state discrete characters
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(Pagel, 1994). Because we are constrained
to a single observation per tip (rather than
many DNA sites or amino acids per tip), the
behavior of these ancestral reconstructions
is not expected to be the same as that for
genetic data. Crucial to the success of the
method is an accurate estimate of the for-
ward and backward rates of change between
states. Because most data sets are toosmall to
warrant fitting unequal forward and back-
ward rates, Schluter et al. (1997) suggested
that accuracy is best achieved by constrain-
ing rates to be equal. Using empirical exam-
ples, we now ask whether this was a rea-
sonable caution, and whether much can be
gained from estimating two rates simultane-
ously.

We first offer a brief review of the ML
method. We then present results from a
small survey of published trees on the level
of statistical support for one- and two-rate
models of trait evolution. We finally intro-
duce a second sort of two-rate model, in
which the rate of change differs between in-
group and outgroup.

THE METHOD

The approach employs Pagel’s (1994,
1997) Markov-transition rate model for es-
timating the rate of change of a trait X that
occurs in either of two states, 0 and 1. Itis a
two-step process that first uses the data (the
tree and the states observed at the tips) to es-
timate rates of change, and then conditions
on these estimates to infer the likelihoods
of the alternative ancestral states at internal
nodes on the tree. Schluter et al. (1997) have
presented the general method fully and so
our outline here is brief.
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We take as our model of evolution a
random walk in continuous time (Felsen-
stein, 1993; Frumhoff and Reeve, 1994; Pagel,
1994, 1997; Maddison, 1995; Schluter, 1995;
Schluter et al., 1997). This model assumes:
(a) that the probability of change of a char-
acter depends only on the character state at
that time, and not on previous states; (b) that
transitions along each branch are indepen-
dent of transitions elsewhere on the tree; and
(c) that rates of change are constant along all
branches of the tree. Later in this paper we
consider departures from assumption (c), in
which rates of change are different in out-
groups and ingroups but are in fact constant
within these groups.

Consider first the case where we constrain
forward and backward rates g to be equal
(the one-rate model). The likelihood for a
given ¢ is:

Xy (D)

> P X, ...

X1,X2,... XN

Here X;, X,...Xy make up one of the
2N possible set of ancestral values for a
tree with N nodes and N + 1 tips. States
at the tips are observed as S;, S,,...Sy.-
P(X;, X,, ... Xy) is the probability associ-
ated with this set of nodal and tip values,
calculated as the product of the transition
probabilities for every branch. Each transi-
tion probability refers to the probability of a
branch, starting in state Y; (Y; is one of the
set X;, X, ... Xy) and ending in state Y; (Y;
is one of X, X, ... Xy, S1, S2, - .. Sna1s 1 # ).
The transition probability for each branch is
a function both of g and of the opportunity
for change (branch length); the formulae can
be found in Pagel (1994: Equations 1-4). If ¢
or the branch length is very small, then the
probability that a branch beginning in one
state (e.g., 0) and ending in the other state
(e.g., 1) is also small. Conversely, if g is large
or the branch length is long, then the prob-
ability that a branch begins in one state and
ends in the other approaches 0.5. The likeli-
hood associated with any given value of g is
the sum of the probabilities P(X,, X,, ... Xy)
over all 2V possible sets of ancestral values
(Eq. 1). The parameter value § that maxi-
mizes Equation 1 is the ML estimate.

The likelihood of the state u; (u = 0 or
u = 1) for node i is simply its contribution to
L(§); thatis, ancestral state estimates are con-
ditioned on §. For example, the likelihood
for a particular state u for ancestor 1 is

Z Pu X, ... Xy) ()
X2, X3,

The state y with the highest likelihood re-
turned from Equation 2 is the ML estimate.
The ratio of the likelihoods of each charac-
ter state at a given node (larger divided by
the smaller) measures the level of support
for the ML estimate. The ratio is a measure
of the weight of evidence for the ML state.
Edwards (1972) advocates a “rule of thumb”
measure of increased support of 7.4 [equal to
a difference of 2 between the In(likelihood)
of the two states] for comparing nonnested
but equally complex models. We consider
support in excess of 7.4 a rough minimum
for gauging level of certainty. Nodes with
likelihood ratios less than 7.4 are deemed
too uncertain to rely upon. The likelihoods
can also be interpreted in a Bayesian con-
text (e.g., Yang et al., 1995). Given a flat prior
expectation for internal states, the posterior
probability is proportional to the likelihood
ratio. Here, support for the ML estimate of
7.4 corresponds to a posterior probability of
88% (i.e., 7.4:1). Pagel (1999) develops this
Bayesian perspective further.

Figure 1A presents an example of ancestor
reconstructions under the one-rate model.
The canid trenchantheel (Wayne et al., 1997)
is an adaptation of teeth to extreme car-
nivory found in 3 of 24 (fairly closely related)
species. Under the one-rate model, the rate
of change has been fairly low (7 = 0.08),
and no ancestors are reconstructed to ex-
press this trait. Reconstructions in the por-
tion of the tree near the three species that
exhibit the trait, however, are not unequiv-
ocal.

The two-rate model (where a separate
forward rate, g4, and backward rate, gy,
are to be estimated) is similar, except now
L(qo1> q10) is substituted for L(g), and the tran-
sition probability per branch is a function
of both gy, and q,,. The larger g, is relative
to gy, the greater is the probability that a
branch that begins in state 0 ends in state 1

L(ulg) =



1999 POINTS OF VIEW 625

ojoNoNoRoNoNoNoRoNoJoNON NoN NOoN NONONONONONONS)

@, &,
.. O. .O
@, ‘.
(] @)
"y [ )
(s
]
(a)
O No trenchant heel 9
@® Trenchant heel ®
..
()
oRoNONONONOXONONONONONON NoN NoN NoNoNoNoNoNOoNe
( q
W % > pe r
q ‘I
(
¥ )
q

(
(b)
O No trenchant heel <
@ Trenchant heel

(|
< (|
q

FIGURE 1.  The reconstruction of presence/absence of the trenchant heel (cutting edge of carnassial molar) on
amolecular phylogeny of the canids (Wayne et al., 1997: Fig. 2b). Three species (Bush dog, African wild dog, and
Dhole, represented by black circles) express this trait. (a) Reconstruction of the trait under the one-rate model (7 =
0.08). Significant support for an ancestral state under ML (7.4:1) occurs between 1 and 2 o’clock on the pie. Note
that the branch lengths shown do not represent relative opportunity for change; all branches are considered to be
of equal length. (b) Reconstruction of the trait under the two-rate model (§o; = 3.20; §; = 22.42). The relative areas
in the pies represent the relative support for the two reconstructions, and all ancestors are equivocal.

(Pagel, 1994). Figure 1B offers an estimate of  of these two estimates later.
ancestral states for the trenchant heel if we Pagel (1999) refers to this ML method
assume tworates. Wereturn toacomparison  (Schluter, 1995; Schluter et al.,, 1997) as
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“global” because each node is reconstructed
by using the same fixed estimates of the val-
ues of g that have been obtained with use
of all the information in the tree. Our like-
lihoods then condition on the ML estimates
for g in the same way that they condition on
the phylogeny and on the observed tip val-
ues. We advocate this global approach for
its simplicity and because it evaluates like-
lihoods of both states at every node against
the same “background” of other parameter
settings, facilitating comparison. An alterna-
tive (Schluter, 1995; Pagel, 1999) is to recalcu-
late transition rates separately for each pos-
sible ancestor state at a node, and to use the
fit of the data to the respective ML values
as a direct measure of support for the corre-
sponding states. Pagel (1999), who refers to
this as the “local” method, offers a detailed
comparison with the global method. We
present a simple recipe for calculating an-
cestor states under the global method with
use of Discrete 1.01b (Pagel, 1997) in the Ap-
pendix.

ONE RATE OR TWO—IMPROVEMENTS IN FIT

The main question to be addressed here is
whether to use one rate (g) or two rates (4y,
and g,). If separate forward and backward
rates are to be estimated, the model requires
an extra parameter, and consequently more
data areneeded to maintain accuracy. Model
complexity is a major issue in molecular
phylogeny reconstruction—we can choose
between the simplest one-parameter model
(Jukes and Cantor, 1969), to some models
that fit > 200 parameters to amino acid se-
quences (e.g., Yang et al., 1999). Fitting this
many parameters while at the same time
not compromising their accuracy requires
vast amounts of data, however. Schluter et
al. (1997) argued that sufficient data are
rarely available to justify fitting two rates
and advocated using a single rate when re-
constructing ancestor states. Here we ex-
plore this claim further.

One approach to the question is to ask
whether a two-rate model of discrete trait
evolution fits the data significantly bet-
ter than a one-rate model. These alterna-
tive models are nested—the one-rate model

(equal g values) is a special case of the two-
rate model (unequal g values). Therefore, a
2 approximation to the log-likelihood ra-
tio test or Monte Carlo simulations may be
useful for choosing among models (Gold-
man, 1993; Pagel, 1994, 1997). Under the x>
approximation, a model with n extra param-
eters (here n = 1) is preferred over the sim-
pler version (ata given significancelevel o) if
the improvement in In(likelihood) is half as
large as the critical value for a y 2 distribution
having n degrees of freedom. More work is
necessary to evaluate the justification of the
x* approximation in this case, and we use an
increase in supportof 7.4x as a conservative
value for judging significant improvement,
corresponding to a y* approximation with
a=0.0450nn=1df.

We can now explore the effects of fitting
one- versus two-rate models for the types
of data usually considered by evolutionary
biologists. We surveyed phylogenetic trees
published in Evolution and Systematic Biology
from 1993 through 1998. We confined our-
selves to binary characters that showed > 1
transition under MP, which gave us 28 stud-
ies to examine. We constrained all branches
to be of equal length, as does MP. This de-
stroys one of the prime advantages of ML
over MP but is necessary to achieve a com-
mon setting (Ree and Donoghue, 1999, con-
sider the effects of modifying branch length
in a specific case). For the 28 trees we found,
we recorded (a) the number of tips, (b) the
number of transitions inferred by using MP,
(c) the proportion of the tips in the minority
state, (d) the proportion of the internal nodes
reconstructed to be in the minority state un-
der MP, and (e) the improvement in fit of a
two-rate model over a one-rate model (see
Table 1).

Over all 28 trees, the mean improvement
is 1.85x, and the gain in support is signifi-
cant for only 2 of the 28 trees. Thus our ini-
tial claim holds: Data as presently collected
rarely warrant fitting a second rate parame-
ter.

If we examine the correlations among
our measures, we can ask which parame-
ters are likely to affect increased fit for the
two-rate model. Of the variables measured,
tree size and the number of reconstructed
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TabLE 1. Improvement of two-rate over one-rate ML model for discrete trait evolution.
Reference Trait® NP /AMPe¢ P(tips)d P(tree)® Improvementf
Basolo, 1996 Tail elongation 22 4 0.454 0.333 1.03
Benambib et al., 1997 Viviparity 20 4 0.3 0.157 1.00
Bond and Opell, 1998 Vertical webs 65 8 0.492 0.562 3.63
Cognato et al., 1997 Ipsdienol absent 10 3 0.4 0.111 1.24
Collins et al., 1996 < 5% gastropods in diet 7 2 0.428 0.5 1.07
Dobler et al., 1996 Chemical defense 20 3 0.45 0.421 2.98
Emerson, 1996 No advertisement calls 7 2 0.285 0 1.93
Fink and Zelditch, 1995 Modified shape 5 2 0.4 0 1.12
Hart et al., 1997 Feeding larvae 12 2 0.25 0.090 1.70
Janz and Nylin, 1998 Feeding on herbs 35 3 0.4 0.294 222
Kohn et al., 1996 Tristyly 24 3 0.333 0.173 1.30
Livezey, 1996 Coloniality 26 5 0.384 0.2 1.00
Normark, 1996 Parthenogenesis 31 4 0.258 0.133 291
Omland, 1997 Monochromatism 59 9 0.491 0.534 1.36
Petren and Case, 1997 Large size 16 3 0.437 0.4 1.00
Pitnick et al., 1997 No insemination reaction 22 4 0.363 0.285 3.10
Prum, 1994 Coordinated displays 27 5 0.444 0.269 1.84
Rosenberg, 1996 Marine habitat 11 3 0.454 0.6 1.03
Schluter et al., 1997 Substage foraging 11 2 0.363 0.2 1.16
Shaw, 1996 Living on Maui 24 3 0.333 0.217 1.31
Siddall et al., 1993 Nonparasitic lifestyle 9 2 0.222 0 3.63
Sillen-Tullberg, 1993 Cryptic colouration 95 8 0.326 0.319 13.60
Spicer and Jaenike, 1996 Breeding on plants 7 2 0.428 0.166 1.02
Stern, 1998 Horned soldiers 33 3 0.303 0.343 1.38
Titus and Larson, 1996 Long larval period 20 2 0.35 0.157 1.23
Vogler and Kelly, 1998 Benzaldehyde present 44 7 0.272 0.209 2.77
Wayne et al., 1997 Trenchant heel 24 3 0.125 0 9.78
Wray, 1996 Nonfeeding larvae 19 5 0.315 0.055 3.03

2 The first binary character listed in the paper for all the included species that was not used to construct the tree. The minority
state is given. In a few cases, multistate characters were rescored to produce simple binary characters. For Sillen-Tullberg (1993)
we considered only one well-resolved monophyletic group with 95 species. Outgroups were not included. For three studies,
polytomies were resolved arbitrarily so as to minimize the number of state changes inferred by MP. Because every branch supplies
information about g, regardless of whether change is observed to occur on it or not, we arbitrarily resolved monophyletic groups
(by adding tips) in the one tree where single tips represented such invariant groups (Sillen-Tullberg, 1993).

b Number of tips in tree.
¢ Number of transitions inferred under MP.
d Proportion of tips in minority state.

¢ Proportion of internal nodes reconstructed unequivocally to be in minority state, under MP.
f Improvement in support of the two-rate model over the one-rate model.

changes under MP are highly positively
correlated, as are proportion of tips and
proportion of internal nodes found in the
minority state. In a general linear model,
however, tree size explains significant vari-
ation independent of the number of recon-
structed changes (0F,,; = 6.11,P = 0.02),
and the proportion of tips in the minority
state explains significant variation in the im-
provement of fit even after controlling for
the proportion of internal nodes in the mi-
nority state (6F, ,; = 8.88, P = 0.006). Each
pair of correlated variables also explains dif-
ferent portions of variation in improvement

in fit [general linear model of tree size and
P(tips in state 1) on improvement in fit:
for N, 0F, 5 = 18.73, P = 0.0002; for P(tips
in state 1), 0F ,5 = 15.11, P = 0.0007].

Based on this limited empirical dataset,
two-rate models are expected to do better
for larger trees with many transitions and
for trees with the majority of tips (or inter-
nal nodes inferred by MP) in state one. The
first result is unsurprising if sample size is
a limiting step. If we observe few tips in
state one, moreover, this may be because the
forward rate (gy,;) has been low relative to
the backward rate (g,), and two-rate models
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might better describe this. Simulation stud-
ies would help illuminate the behavior of
these variables, though two-rate models are
still likely to be rarely justified.

ONE RaTE OR TWO—CONFIDENCE IN
RECONSTRUCTIONS

A second way to address the question
of whether to prefer two-rate models is to
ask if the reconstructions based on a two-
rate model are more or less reliable than
are one-rate reconstructions. This is difficult
to evaluate when the true ancestral states
are unknown, but some progress may be
made with indirect methods. Consider the
case of the canid trenchant heel (Table 1,
Fig. 1). Here the two-rate model offers a sig-
nificantly better fit (Table 1). The ML esti-
mates of forward and backward rates under
the two-rate model are extremely high, how-
ever, implying that the character changed
many times per internode—and this makes
all the reconstructions equivocal (Fig. 1B).
The reconstructions do not fit with intu-
ition. Intuition is a risky criterion, however,
since the best science often proves it wrong
(see also Pagel, 1999). More objectively, we
can ask whether these parameter values are
well-enough estimated to be relied upon. In
this case, they are not. The likelihood sur-
face for these data under the two-rate model
is very flat and there is little improvement
over a wide possible range of forward and
backward rates. For example, forcing g, and
g1 rates to be 10% of their ML rates wors-
ens the fit by only 8%. So, although the es-
timated rates are high, we have very little
confidence in them. Because the reconstruc-
tions are very sensitive to the global transi-
tion rates, we believe it is better to estimate
one rate well than each of two badly.

Another indirect criterion might to ask
whether support for individual reconstruc-
tions tends to be stronger in general under 2
rates than under 1. Of the 677 internal nodes
in our 28 survey trees, 24% of the nodes are
equivocal (i.e.,, supported by < 7.4) under
the one-rate model, and 25% are equivocal
under the two-rate model (the equivalent
number under unweighted MP is only 7%
of the nodes, where equivocal simply means

that both states are equally parsimonious).
Again, estimating 2 rates does not seem to
increase confidence in individual ancestral
reconstructions.

Let us consider an example from our Ta-
ble 1 in more detail. Basolo (1990, 1995) used
ancestor reconstruction to test the “sensory
bias hypothesis” (Ryan and Keddy-Hector,
1992) for the evolution of exaggerated male
characters. This theory states that female
preferences for exaggerated male traits are
by-products of previous natural selection
on female sensory systems. The male traits
evolve as variation arises and is selected
by the female preference. Basolo (1990) sug-
gested, using MP reconstructions on a pre-
liminary tree of swordtails and platyfish
(genus Xiphophorus), that the female pref-
erence for male swords evolved before the
sword, consistent with predictions from the
theory. In 1995, Basolo reported that in a
member of the sister genus Priapella, where
males lack swords, females prefer swords,
suggesting the preference evolved before
the two genera split. Using the molecular
phylogeny of Xiphophorus + Priapella from
Meyer et al. (1994), Basolo’s (1990, 1991) def-
inition of a sword, and a one-rate model of
character change, Schluter et al. (1997) sug-
gested that the data did not offer strong
support for a swordless ancestor to these
two clades. The data by themselves do not
suggest we use a two-rate model (Table 1),
but we may still choose to consider such
a model, since the sensory bias hypothe-
sis suggests gain of a sword should occur
more often than loss of a sword. The two-
rate model suggests that the rate of loss of
swords is very slightly higher than its gain,
contrary to prediction (§,, = 0.13, §,, = 0.18).
Figure 2 presents the supports for the two
models: With these data, allowing two rates
to be fitted decreases our confidence in the
state of the common ancestor even further.

In partial response to the analysis of
Meyer et al. (1994), Basolo (1996) pointed
out that the “sword” is actually a com-
posite character. She identified at least five
traits that might be necessary to constitute a
sword. If we assume that the five traits are
independent, we can calculate the relative
support for each trait separately in the com-
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(a) One Rate
(b) Two Rates
(c) Varying Rates

Reconstruction of the sword (defined as a colored elongation) in Xiphophorus and Priapella fish based

on the molecular phylogeny of Meyer et al. (1994). Experimental evidence from the starred species indicates that
females prefer males with swords. The root is reconstructed as equivocal under MP. (A) Under the one-rate model
(7 = 0.15), relative support for a swordless ancestor is 2.6:1. (B) Under the two-rate model (§o, = 0.13; ;0 = 0.18),
support for a swordless ancestor drops to 1.7:1. (C) Under the variable-rates model (§ = 0.003, k = 60), support for

a swordless ancestor is high (148:1).

mon ancestor, and multiply these together
to arrive at the overall support for the pres-
ence or absence of this five-traited sword at
the basal node. For the topology presented
by Meyer et al. (1994), the ML estimate for
each of the five traits is to be absent in the
common ancestor, and the relative support
for this reconstruction versus the hypothesis
that all five traits are present is high (under
the one-rate model, relative support =579x ;
under the two-rate model, relative support
= 916x ). Though little is yet known about
what is necessary before a sword is recog-
nized as a sword, this example highlights
how different evolutionary assumptions can
change our confidence in reconstructions. It
also highlights how we mustbe explicit with

our assumptions, or risk being accused of
getting the answer we want by simply vary-
ing the appropriate parameter.

INGROUPS AND OUTGROUPS—TOWARDS A BETTER
MODEL

Given the above, we advocate that one
should begin with a model with equal for-
ward and backward rates, because estimates
are likely tobe more accurate for moderately
sized trees. Another advantage, however, is
that this simpler framework allows us to in-
quire about other departures that we believe
mightbetter reflect the evolutionary process
and lead to more realistic reconstructions.
In this section we introduce the issue of a



630

SYSTEMATIC BIOLOGY

VOL. 48

variable-rates model, in the context of out-
groups.

Our approach as implemented above does
not use information about outgroups. The
tree is rooted by using an outgroup (or some
other method), but the outgroup is then re-
moved, and the rootnodeis treated the same
as other nodes: As we search for §, we con-
sider it equally likely that the root is in either
of the two states (Pagel, 1994). The approach
effectively snips the clade in question out
from the tree of life and considers it in iso-
lation (this is also true for the methods pre-
sented by Yang et al., [1995] and Koshi and
Goldstein, [1996] for reconstructing molec-
ular sequences). Root nodes in our survey
trees were twice as likely as other nodes to
be equivocal (cf. Schluter et al., 1997), and
using information from outgroups might be
expected to help increase our confidence in
these reconstructions (see also Pagel, 1999),
much as including outgroups often helps in-
crease the ancestral-state designation at in-
group nodes under MP (Maddison et al,,
1984; Swofford and Maddison, 1987).

Although including outgroup informa-
tion seems desirable, at least two problems
arise. First, because every branch in a tree
offers information about rates of change,
substituting single lineages for entire clades
may produce very biased estimates of rate
(this is why we have to add tips to trees
where a single taxon is made to repre-
sent a larger invariant monophyletic group;
see footnote to Table 1). Outgroups are al-
most always single representatives of larger
clades. This problem is not grave, because
outgroups could be expanded. More criti-
cally, recall that under the Markov-transition
model, the rate of change is assumed to be
the same in all parts of the tree. Outgroups
are different from ingroups by definition,
however, and we may have little reason to
expect that the rate of change in the two will
be the same.

Indeed, if we have enough information
about outgroups, we can fit a different sort
of two-rate model, where g varies. We can
specify different rates g and q' for the out-
group and ingroup. If ¢’ = kq, we can simply
specify the branch where the rate changes
(e.g., the branch between the ingroup and

the outgroup node), and then search for ML
estimates of both g and k simultaneously
and reconstruct ancestors based on these es-
timates. We applied this simple approach to
the Xiphophorus + Priapella phylogeny from
Figure 2, first designating all five known
Priapella species as the outgroup (Basolo,
1996) and assuming that the rate ' = kg in
Xiphophorus is greater than the rate g in Pri-
apella. Using a manual grid search with Dis-
crete 1.01b, we find § = 0.003, and k = 60.
Conditioned on these estimates, the support
for swordless (as a single character) at the
root of this larger tree is now 148x, a result
in agreement with the sensory bias hypoth-
esis (Fig. 2C).

Our analysis, though instructive, is not
ideal. The Xiphophorus + Priapella clade is
still being considered in isolation from its
outgroup (see Pagel, 1999). We also chose
arbitrarily the branch along which to search
for a new rate of change. An outgroup clade
with five species and no transitions may not
offer enough data to warrant fitting a sec-
ond transition rate. We also note that the
approach need not be restricted to ingroups
and outgroups. For any tree, we can search
for the most likely branch where a change in
ratehas occurred and simultaneously fit two
rates to the tree. The clumping of instances of
the trenchant heel in canids (Fig. 1) is a pos-
sible case where there has been an increased
rate of change in a particular subclade.

CONCLUSION

Our survey results do not mean that for-
ward and backward rates for most traits are
generally the same, but rather that medium-
sized trees (median = 21 tips, range 5-95
from Table 1) will rarely offer enough data to
allow us to prefer two-rate models. We will
therefore need other reasons to do so. We
maintain that the fitting of complex models
must be evaluated on a case-by-case basis.
For those lucky enough to have enough data
or well-founded prior expectations, more-
complex models will be more enlightening
(see, e.g., Ree and Donoghue, 1999; Yang et
al., in press). For the rest of us, although our
hard-earned data sets may bend to our par-
ticular views of the world, we must not ex-
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pect the data to support these convictions in
a statistical sense, given the models now in
use.

This cursory consideration points to sev-
eral areas that require study, probably with
the aid of computer simulation. If most
medium-sized trees give us only mild sup-
port for preferring more-complex (though
more-realistic) models, what criteria do we
use to choose among models? This may be
a simple power issue, and our minimum
level of increased support (7.4x) may be
too strict. One way to avoid searching for
ML estimates of two rates with few data
would be to test explicitalternative hypothe-
ses concerning expected differences in for-
ward and backward rates under a two-rate
model (e.g., that forward rates should be
twice the backward rates). These hypothe-
ses, however, must be generated with exter-
nal data. Though it might also be reasonable
to consider that rates vary in different parts
of a tree, we have yet toimplement a method
that searches for the ML branch along which
transition rates may change.

Finally, we expect that tree shape and
the distribution of characters among the
tips generally will be important parame-
ters affecting the accuracy of ancestor state
reconstructions, for both the one-rate and
variable-rates models. This implies that dif-
ferent topologies may affect our conclusions
(cf. Donoghue and Ackerly, 1996). The same
may hold true for inclusion and exclusion
of outgroups (Pagel, 1999). This sensitivity
to included data is in the spirit of ML, but
should be borne in mind by biologists more
accustomed to the hypothetico-deductive
approach. A detailed look at the dependence
of reconstructions on tree topology, char-
acter distribution, branch lengths, and tree
size might reveal some useful patterns. The
complex problem of incorporating fossil ev-
idence as data in these models must also be
confronted.
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APPENDIX
ESTIMATING ANCESTORS WITH DISCRETE 1.01B

Discrete, version 1.01b (Pagel, 1997), is a DOS-based
program that can be used to estimate individual ances-
tral values. Discrete was written to test for correlated
evolution between two discrete characters, and produc-
ing ancestor reconstructions in such a way requires sev-
eral steps. First, Discrete deals with two characters at a
time; therefore, for the purposes of estimating ancestors
for a single character, the states must be entered twice.
For example, fora tip (tipA) in state 1 on a branch 2 units
long and whose immediate ancestor is nodeA, the entry
would be “tipA, nodeA, 2, 1,1.” Because two characters
are input, Discrete estimates two (or four) rates: &; and
By refer to §o; and @y for the first character, and , and
B, refer to gy, and g for the second character. With this
in mind:

1. Estimate § (or §o; and ), using the command
“testi.” To estimate one rate, use the “restrict a; =

Syst. Biol. 48(3):633-641, 1999

B” option. The program will return the ML esti-
mates for §. Leaving out this restriction yields two
rates (§o and §y) for each trait. Record the ML rate
estimates.

2. Revise the input file by modifying the data corre-
sponding to the node of interest. Place either :0,0
or:1,1, respectively, after the branch-length data for
that node. This triggers the “fossil” option in Dis-
crete. For example, the row entry for a focal nodeA
thatis separated from its immediate ancestor nodeB
by a branch of length 2 would be “nodeA, nodeB,
2:0,0” or “nodeA, nodeB, 2:1,1”.

3. Run “testi” on the revised input file; repeat for the
“0,0” and “1,1” alternatives. In both cases, restrict
all «’s and B’s to the ML values estimated in step
(1). Use the “restrict” command (e.g., restrict a; =
0.08) to set a;, ap, B, and B, to g, or to set both a's
to §o; and both B’s to §10;

4. Obtain the likelihood for the two trees you have
made. Discrete returns negative In(likelihoods), so
the ML estimate at the node (0 or 1) will be that as-
sociated with the smaller of the two output values.
The relative support for the ML state at the node
will be e raised to a power equal to half the dif-
ference in the returned —In(likelihoods) for the two
trees (we must halve the difference because Discrete
deals with both characters simultaneously) .

Inferring Rates of Change in Flower Symmetry in Asterid Angiosperms

RICHARD H. REE' AND MICHAEL J. DONOGHUE

Department of Organismic and Evolutionary Biology, Harvard University Herbaria, 22 Divinity Avenue, Cambridge,
Massachusetts 02138, USA; E-mail: rree@oeb.harvard.edu

The question of whether evolutionary
change in a character is more likely to oc-
cur in one direction than another is of gen-
eral interest to evolutionary biologists, and
the development of quantitative compara-
tive methods has allowed hypotheses of bias
in character gain/loss in phylogenies to be
tested with increasing rigor. Parsimony al-
gorithms are commonly used to infer ances-
tral character states, and thereby the location
and direction of character changes in phy-
logenetic trees (e.g., Maddison and Maddi-
son, 1992; Swofford and Maddison, 1992).
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Ancestral states can be used in statistical
tests of gain /loss bias, e.g., using the method
of Sanderson (1993). One drawback to us-
ing parsimony to derive ancestral state es-
timates is that the estimates themselves are
contingent on a particular set of transforma-
tion costs (step matrix), and parsimony itself
does not provide any criterion to optimize
such costs (Ree and Donoghue, 1998).

Maximum likelihood methods of esti-
mating instantaneous rates of evolution be-
tween categorical character states avoid this
issue, by optimizing the rate parameters
of a continuous-time Markov model over
all possible ancestral state reconstructions



