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Phylogenetic hypotheses are frequently used to examine variation in rates of diversification across the history of a group. Patterns
of diversification-rate variation can be used to infer underlying ecological and evolutionary processes responsible for patterns of
cladogenesis. Most existing methods examine rate variation through time. Methods for examining differences in diversification
among groups are more limited. Here, we present a new method, parametric rate comparison (PRC), that explicitly compares
diversification rates among lineages in a tree using a variety of standard statistical distributions. PRC can identify subclades of
the tree where diversification rates are at variance with the remainder of the tree. A randomization test can be used to evaluate
how often such variance would appear by chance alone. The method also allows for comparison of diversification rate among
a priori defined groups. Further, the application of the PRC method is not restricted to monophyletic groups. We examined the
performance of PRC using simulated data, which showed that PRC has acceptable false-positive rates and statistical power to
detect rate variation. We apply the PRC method to the well-studied radiation of North American Plethodon salamanders, and
support the inference that the large-bodied Plethodon glutinosus clade has a higher historical rate of diversification compared to
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other Plethodon salamanders.
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Phylogenetic hypotheses have become increasingly important and
frequently used tools in studies of macroevolutionary patterns. In
particular, phylogenetic trees are commonly used to study vari-
ation in rates of diversification through time and among groups.
Inferences stemming from reconstruction of diversification-rate
variation can inform researchers on the role of geological or
climatic events, the role of evolutionary novelty and key inno-
vations, and adaptive and nonadaptive radiations in explaining
diversification history and extant species richness (e.g., Harmon
2003; Jiggins et al. 2006; Weir 2006; Phillimore and Price 2008;
Rabosky and Lovette 2008; Fordyce 2010a). Various approaches
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have been developed to identify diversification-rate variation evi-
dent in phylogenetic hypotheses. Two distinct kinds of questions
are addressed by distinct methods; diversification rate variation
through time and differences in diversification between groups
(Fig. 1).

Variation through time methods directly examine the ac-
cumulation of lineages through time based upon a chronogram
(i.e., an ultrametric phylogram where branch lengths are scaled
as time). That is, they examine the vector of cladogenic events
for a monophyletic group through time. This includes methods
that explicitly model the process that determines the shape of
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Figure 1. Hypothetical phylogenetic tree illustrating the difference in data used by variation through time methods and difference
between group methods. (A;) Hypothetical tree showing (A;) timing of cladogenic events used by variation through time methods.
(Bj_i1) Same hypothetical phylogenetic tree showing subtrees used in difference between group methods (e.g., PRC analysis). (B,_y;) All
possible subtrees for PRC analysis at a threshold of > 3 branches. (Bjy) Branches used in PRC for comparison of rates in two subtrees
indicated in (B)).

the log-lineages through time plot, and estimate the parameters tion from this pure-birth process, other models, such as birth—
that describe the rate. Generally, a pure-birth (Yule) process is death, density-dependence, etc., are applied to the data to find
used as a null hypothesis. The pure-birth process predicts a lin- the best model that describes the accumulation of lineages (Nee
ear increase in log-lineages through time. When there is devia- et al. 1994a,b; Rabosky 2006; Morlon et al. 2010; Stadler 2011).
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Other approaches have borrowed from survival analysis where the
mean waiting time to cladogensis per lineage is modeled (Paradis
1997). Another commonly used approach, Pybus and Harvey’s
(2000) constant-rates test (commonly referred to by its test statis-
tic, y), does not model the rate parameter, but rather examines
the shape of the distribution of ordered cladogenic events. The
constant-rates test has been used to test for a slowdown in di-
versification or, conversely, evidence for a burst of diversification
early in a group’s history, however this method has limitations that
compromise its power to detect rate variation early in a clade’s
history (Fordyce 2010b). Other recently developed approaches
search for discrete shifts in patterns of diversification through
time (Mclnnes et al. 2011; Stadler 2011). These approaches ex-
amine the entire tree (monophyletic group) as it changes through
time, and do not explicitly consider rate variation among lineages
within a tree. That is, they assume all lineages/subclades within a
tree are characterized by the same time-dependent diversification
process.

Difference between groups methods have been developed to
examine rate variation within a tree and identify subclades in the
tree with higher or lower relative rates. The simplest of these
methods compare the species richness of two or more clades to
evaluate whether differences in observed diversity are consistent
with stochastic variance or are better explained by distinct diver-
sification rates. Different rates of diversification and the processes
underlying this variation can also be detected by examining tree
balance, or the symmetry of a tree (Shao and Sokal 1990; Rohlf
et al. 1990; Mooers and Heard 1997; Chan and Moore 2005).
Some methods need not require an ultrametric tree, rather they
examine the number of nodes along a path of edges in a tree to
determine if punctuated evolution has occurred in a tree’s his-
tory (Webster et al. 2003; Venditti et al. 2006). The MEDUSA
(Modeling Evolutionary Diversification Using Stepwise Akaike
Information Criterion [AIC]) approach of Alfaro et al. (2009) uses
edge lengths to estimate the parameters of a birth—death process
based upon the model described by Rabosky et al. (Rabosky et al.
2007) (but see Rabosky [2010] ).

Here, we present a new method aimed at identifying sub-
clades of a tree with relatively higher and lower rates of diversifi-
cation, the parametric rate comparison test (hereafter, PRC). This
approach explicitly examines the distribution of branch lengths,
rather than the distribution of cladogenic events across the en-
tire tree (Fig. 1), and does not require that comparisons be made
among monophyletic groups. It allows for the detection and com-
parison of rate variation among both monophyletic and para-
phyletic groups. This approach also provides the opportunity
to compare diversification rate histories among a priori defined
groups. This method is not contingent on a particular evolution-
ary process; rather, it is phenomenological in nature allowing
comparison of various probability distributions. PRC differs from
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MEDUSA in being a generalized statistical analysis rather than fit-
ting the specific constant birth—death branching model of Kendall
(1948) (see also Paradis [2003] and Rabosky [2007]). As such,
the PRC method can employ a variety of statistical distributions to
characterize the distribution of branch lengths (internodes). This
flexibility is the primary advantage of PRC as an addition to the
comparative diversification analysis toolbox. We apply the PRC
to the well-studied radiation of Plethodon salamanders in eastern
North America using a few simple distributions as an example of
the utility of this method.

Methods

PARAMETRIC RATE COMPARISON (PRC)

To identify shifts in rates of diversification along lines of common
ancestry, we iteratively compare each monophyletic subtree to the
remainder tree obtained by pruning out the subtree (Fig. 1). We
used all of the branch lengths in each partition of the tree as data
except the branch linking the subtree to the remainder tree. The
linking branch was removed from estimation of diversification
rates as we have no way of knowing exactly at what point the rate
shift (if any) occurred along the branch length. Obviously, this
decision can be made on a case-by-case basis.

Internode distances provide information regarding expected
waiting times before a reconstructed split, whereas terminal
branch lengths provide information regarding minimum time
elapsed before a split along that branch. Therefore, we treat ter-
minal branches as censored at the time of sampling. We jointly
model internode distances and the terminal branch lengths as wait-
ing times using the censored form of a given distribution. For an
internode of length 7, we calculate the probability of cladogenesis
at time [ as the probability density at / given a distribution. For
a terminal branch of length 7', we calculate the probability of no
cladogenesis by time 7' as one minus the cumulative probability
of cladogenesis by time T given a distribution.

If7= {I, I, ..., I,,} is the vector of internode distances
ofatrecand T = {T), >, ...,
lengths, the likelihood of a set of internodes and terminal branches

T, } the vector of terminal branch

is given by

Lik(, T|Model) = [ ] p(1; ModeD) | |
i=1 j=1 (1)

7-I
X (l —/ p(y|M0del)dy>.
0

To illustrate the approach, we implemented it with the four simple
distributions used by Venditti et al. (2010): exponential, Weibull,
log-normal, and variable rates. These distributions are com-
monly used in phylogenetic studies because they make different
assumptions about waiting times and therefore approximate
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distributions of branch lengths expected from different evolution-
ary processes (Gillespie 1991; Venditti et al. 2010). Table 1 lists
the explicit form of the likelihood function under these particular
statistical models.

For a given subtree (S} ), we use AIC corrected for sample size
(AIC,) to identify the model that best describes the distribution
of branch lengths. We do the same for the remainder set of branch
lengths (S,), and for the pooled set (S = §; U S,). This pooled set
is different for each subtree partition when the linking branch is
left out, so AIC is not comparable among partitions, but AAIC.
is comparable among tests. For these analyses, the partition is
a random variable, and therefore accounted for as a parameter
in calculating AIC, for two-distribution models (Rabosky et al.,
2007; Alfaro et al., 2009).

To identify subtrees where evidence for a diversification rate
difference is particularly strong, we calculate a P-value for the
null hypothesis that the two sets of branch lengths (S, $,) are
drawn from the same statistical distribution. We use a standard
likelihood ratio test comparing the joint likelihood of the two
subtrees (S, S,) under separate models best describing each sub-
tree to the likelihood of the model that best fits the pooled set of
branches, S (i.e., the model where the subtrees are constrained to
have the same distribution is nested within the model where dis-
tributions can vary between subtrees). This provides an explicit
test of a difference in diversification rate between a given subtree
(S1) and the remainder of the tree (S,). P-values or AAIC, can
be compared across all possible partitions of a tree to identify
subtrees; where we have the highest confidence there has been a
shift in diversification rate.

K-CLADES PRC

The iterative method described above compares two sets of
branch lengths for each partition of a tree. In principle it could
be extended to compare multiple sets, but working through all
possible pairs or triplets of partitions would be computationally
expensive for trees of reasonable size. An alternative is to consider
a priori defined set of clades or partitions (K') and ask whether they
are best described by a single, or multiple groups (1 < K’ < K).
A similar approach is implemented in MEDUSA (Alfaro et al.,
2009), except the MEDUSA method estimates the parameters of a

birth—death process, whereas the PRC method, being phenomeno-
logical in nature, makes no assumptions regarding the underlying
evolutionary processes responsible for generating the distribution
of edge lengths. Thus, the PRC method is a more general and flex-
ible approach, allowing for the comparison of various probability
distributions fit to the sample of edge lengths. The PRC method
only assumes that sets of branch lengths can be modeled as if they
are drawn from a common distribution. For K -defined clades or
groups, there might be up to K distinct distributions. Following
the logic above, likelihood or AIC can be used to find the best
clustering of K tree partitions into K’ < K groups, each charac-
terized by a different distribution. Further, alternative values of
K’ can be compared using the appropriate likelihoods.

INTERPRETING RATES

For most distributions, the reciprocal of the expected waiting
time to cladogenesis gives an estimate of the diversification rate.
However, comparison of estimated rates for different distribu-
tions should be interpreted with caution. An increase or decrease
in diversification rate in a given subtree is always relative to the
diversification rate in the rest of the tree. Although PRC allows
for the estimation of diversification rate of a subtree under various
distributions, a direct comparison of diversification rates in dif-
ferent parts of the tree under different distributions might not be
ideal. This is primarily due to the fact that different distributions
of branch length in different parts of the tree indicate different un-
derlying processes. For instance, if branch lengths are drawn from
a Weibull distribution, the probability of observing cladogenesis
changes as a branch gets longer. Thus, it might not be appropriate
to compare the average rate within that subtree with the rate of a
subtree described by an exponential distribution. However, when
the analysis is restricted to a particular distribution or if branch
lengths in different parts of the tree are drawn from the same dis-
tribution, comparing the rates might be informative regarding the
magnitude of shifts in diversification rates across the tree.

It is also important to note that different distributions of
branch lengths suffer from different biases. For instance, in some
cases under the variable rate distribution of branch length, the
maximum likelihood estimate of the o parameter might be < 1.
Although, a perfectly valid distribution, the expectation of the
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branch length and hence the diversification rate remains undefined
for such a scenario. Thus, there might be no way of comparing
mean diversification rates from different parts of the tree under
this scenario.

Finally, high levels of extinction will tend to make the distri-
bution of branch lengths deep in a tree different from the distri-
bution of more recent branches (e.g., Hey 1992; Nee et al. 1994a;
Rabosky 2010). For example, PRC, like other methods, will tend
to identify recent clades as having relatively low or high diversi-
fication rates when the underlying process is actually a constant
birth—death model. One way to view this is as a correct detection
of different statistical distributions of branch lengths, but it would
be incorrect to interpret the result as reflecting distinct patterns
of diversification. Thus, if the overall pattern is one of shorter
apparent waiting times toward all tips rather than shorter waiting
times in one group versus another, then it might be more accurate
to infer a birth—death diversification process rather than variation
in rates among clades.

Given the potential pitfalls associated with comparing the
distribution of branch lengths under various probability density
functions, it is not necessarily appropriate to compare the abso-
lute magnitude of rate shifts in various parts of the tree, unless
drawn from the same distribution. PRC should primarily be used
as an exploratory tool to identify potential regions of shifts in
diversification rates on a tree and caution should be exercised in

interpreting the magnitude of rate shifts.

FALSE-POSITIVE RATES

To evaluate how often the PRC method incorrectly rejects the
null hypothesis of a single diversification model, we applied the
method to simulated phylogenetic trees with 25, 50, 75, and 100
terminal taxa, and with extinction rates (death rate/birth rate) of
0.0, 0.1, 0.25, 0.5, 0.75, and 1.0 (the last being equivalent to
a coalescent with constant population size). We simulated 1000
trees of each size x extinction rate for a total of 24,000 trees.
For each tree, we ran the PRC test and recorded the number of
subtrees that significantly differed from the remainder of the tree
at o = 0.05. We repeated this once assuming only exponential
distributions (the expected distribution of branch lengths under a
pure-birth model) and a second time exploring the fit of all four
distributions (Table 1). We calculated the false-positive rate (FPR)
for each tree as the proportion of P-values that were less than 0.05,
that is, the number of statistically significant likelihood ratio tests
out of the total number of permissible tests given the restriction
that each partition of the tree must have > 6 branches. Simulated
trees are archived in DRYAD (doi:10.5061/dryad.8h350).

WHOLE-TREE RANDOMIZATION TEST

FPRs are expected to increase with increasing deviation from a
pure-birth model. For example, in a constant birth—-death model
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or density-dependent diversification model, the expected intern-
ode length of an observed tree changes over time. This violates
the i.i.d. assumption when comparing a subtree and paraphyletic
remainder tree because they differ in timespan and will tend to
make it easier to reject the null hypothesis of identical distributions
even when there is no true difference in the diversification process
(see results for FPRs). Therefore, to avoid spurious inference of
among-lineage rate variation, we use a tree-wide randomization
test.

Under the assumption that the same probabilities of specia-
tion and extinction hold across all concurrent lineages in a tree,
the set of divergence times contains all the information needed to
describe the diversification process (Stadler 2011). That is, given a
set of divergence times, all topologies are equally likely under this
assumption of homogeneity across lineages. In contrast, diversi-
fication is systematically greater in some lineages than others, all
topologies are not equally likely. Therefore, as a whole-tree test
for among-clade rate variation that will not be biased by devi-
ations from a pure-birth process, we used a randomization test
holding the set of branching times constant. Moving backwards
through time, for each branching time estimate from the original
chronogram, we randomly join two lineages to produce a ran-
dom sample from all possible topologies. We then run the PRC
procedure on each random tree to estimate the distribution of the
number of false positives under the null hypothesis that the under-
lying speciation and extinction probabilities are constant across
lineages at any given time. This randomized null distribution
makes no other assumptions about the process responsible for
the distribution of branching times; it might accelerate or deceler-
ate over time, it might vary idiosyncratically through time. If the
number of detections (number of subtrees that significantly dif-
fered from the remainder of the tree at o = 0.05) or magnitude of
the best supported partition (maximum AAIC,) for the observed
tree is large relative to this randomized distribution, one can in-
fer that diversification is in fact more concentrated in a subset of
lineages than expected.

WHY INTERNODE DISTANCES?

Internode distances are imperfect for summarizing a diversifica-
tion process other than Yule’s pure birth, because their expec-
tations can vary with depth in a tree. For monophyletic groups
with no among-lineage rate variation, branching times (distance
from each node to the tip) provide superior information (Morlon
et al. 2010; Mclnnes et al. 2011; Stadler 2011). But for para-
phyletic groups, the distribution of branching times is distorted
and misleading. For the basic birth—death process (Kendall, 1948),
this problem was solved by the Rabosky et al. (2007) method
implemented in MEDUSA (and the solution requires both branch-
ing times and internode lengths). Our approach is completely
different: instead of trying to estimate the parameters of a



METHOD FOR ASSESSING DIVERSIFICATION RATE VARIATION

diversification model, we use the statistical properties of the dis-
tribution of internode lengths to test a simple null hypothesis that
there is no difference between groups. Internode distances are im-
perfect, but one can characterize their statistical properties from
a paraphyletic group.

DETECTION RATES

To evaluate how the PRC method performed in detecting rate
variation, we applied the method to simulated trees with known
rate variation. We simulated 2000 pure-birth trees with 35, 50,
and 75 terminal taxa, where a monophyletic subtree composed
of 25 terminal taxa arises from one constant rate, and the re-
maining taxa comprise a group arising from a different constant
rate. Because the relative rates of these two subtrees was known,
we were able to assess the power of the PRC method to de-
tect rate variation. We applied the PRC method both restricting
the model of branch lengths to an exponential distribution, as
well as exploring the fit of all four distributions simultaneously
(Table 1). Successful detection was determined by AIC,. at the
node where rate variation was simulated. Simulated trees are
archived in DRYAD (doi:10.5061/dryad.8h350).

APPLICATION TO A SALAMANDER RADIATION

To illustrate the method with an empirical dataset, we used a
chronogram of eastern North American Plethodon salamanders
with virtually complete taxon sampling (Kozak et al. 2006, 2009).
This group includes what appears to be arelatively recent radiation
of large-bodied salamanders, the Plethodon glutinosus group and
a paraphyletic group of small, slender salamanders. Kozak et al.
(2006) used the nonparametric relative cladogenesis (rc) test (Nee
et al., 1992) and lineage-through-time analysis to infer that the
large-bodied P. glutinosus clade had a higher diversification rate
than the small-bodied lineages. We applied our PRC method to
the eastern Plethodon clade using the chronogram of Kozak et al.
(2009), kindly supplied by K. Kozak. We also used our K-clades
algorithm to evaluate whether the three monophyletic groups
(P. glutinosus, P. welleri/wehrlei, and P. cinereus groups) were
best described as having one, two, or three distinct diversification
models.

Results and Discussion

We present a new method (PRC) for evaluating differences in
diversification rates between groups of lineages in a phylogeny.
PRC fills a gap left by existing methods because it explicitly tests
each monophyletic group for an accelerated or decelerated diver-
sification rate and estimates parameters of statistical distributions
describing waiting times between cladogenesis events along lin-
eages in each partition of the tree. The method can also be used to
test a priori hypotheses of clade-specific differences in diversifi-

Table 2. Mean false-positive rates for the PRC test as a function
of extinction rate (columns), tree size (rows), and whether the
algorithm is restricted to exponential or consider all four models

(e or a).
0 0.1 0.25 0.50 0.75 1
e25 0.010 0.015 0.025 0.046 0.085 0.127
a25 0.042 0.045 0.061 0.086 0.123 0.151
e50 0.041 0.016 0.022 0.042 0.090 0.201
a50 0.044 0.045 0.058 0.078 0.119 0.167
e75 0.012 0.014 0.019 0.040 0.090 0.229
a75 0.042 0.047 0.055 0.077 0.120 0.185
el00 0.012 0.014 0.023 0.039 0.090 0.262
alo0  0.044 0.047 0.057 0.076 0.119 0.188

cation and evaluate how many different distributions best describe
a set of clades. The method has a low FPR and good power to
detect rate variation.

FALSE-POSITIVE RATES

For each simulated tree with no among-lineage rate variation,
we calculated a FPR as the proportion of subtrees with ap-
parently significant (likelihood ratio test with P < 0.05) dif-
ferences in diversification rate from the remainder tree. When
the algorithm applied all four models, the FPR was below 0.05
for all tree sizes as long as the extinction rate was less than
about 50% of the speciation rate (Table 2). When the algorithm
was restricted to exponential distributions, the FPR was below
0.05 when the extinction rate was 75% or less. Overall, there
was surprisingly little dependence of FPR on tree size, but it
did increase to about 0.20-0.25 when extinction was very high
(Table 2).

Particularly because the tests within a given tree are not in-
dependent, certain trees can have very large numbers of false
positives owing to the stochasticity of the branching process. This
raises an important general caveat for exploratory analyses of
phylogenetic trees. Assessment of FPRs is rare among papers
proposing methods for detecting rate variation in phylogenies, but
investigators should be aware that the contingent and nonindepen-
dent nature of evolutionary branching can cause statistical outliers
to be concentrated in particular datasets. The interpretation of a
statistical pattern as evidence of an interesting evolutionary pro-
cess (in this case, a true shift in the probability of cladogenesis)
is always strongest when coupled with prior, independent infor-
mation on natural history.

The whole-tree randomization test had FPRs close to 5%
(0.028-0.064) with little effect of tree size, extinction rate, or
whether all four distributions were tested (Table 3). Therefore,
Type I error rates will be acceptable if the randomization test
is used first as a tree-wide evaluation of the null hypothesis of
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Table 3. False-positive rates for the whole-tree randomization
test as a function of extinction rate (columns), tree size (rows),
and whether the algorithm is restricted to exponential or consider
all four models (e or a).

0 0.1 0.25 0.50 0.75 1
e25 0.028 0.037 0.042 0.041 0.041 0.043
a25 0.043 0.037 0.049 0.042 0.051 0.054
e50 0.058 0.038 0.044 0.043 0.044 0.046
a50 0.051 0.041 0.045 0.047 0.046 0.041
e75 0.053 0.041 0.042 0.042 0.046 0.057
a75 0.055 0.051 0.047 0.045 0.046 0.062
el00  0.050 0.049 0.062 0.055 0.042 0.064
al00  0.055 0.047 0.058 0.054 0.046 0.058

no difference in diversification rates among groups. If this null
hypothesis is rejected, PRC can be used to identify partitions with
strong evidence for faster or slower diversification.

DETECTION RATES

The PRC method was largely able to detect rate variation when
the relative diversification rate within the tree differed roughly
twofold (Fig. 2). The power to detect rate variation increased
as the size of the tree increased. This increase in power as a
function of tree size might be expected, as larger trees provide
more data (branches) for fitting distributions resulting in lowered
error around a given distributions’ parameter estimates. Power
was decreased by including more possible distributions in the
fitting algorithm, presumably because of increased flexibility in
fitting a single distribution to full set of internodes.

APPLICATION TO A SALAMANDER RADIATION
We used our lineage-based PRC method to analyze the chrono-
gram of eastern Plethodon salamanders (Kozak et al. 2006, 2009).
The tree includes 28 tip taxa in the P. glutinosus radiation and
16 tip taxa comprising the remainder of the eastern Plethodon
clade. The tree topology is as found by Kozak et al. (2009)
based on mitochondrial and three nuclear sequences. The relative
cladogenesis test (without Bonferroni correction) flagged seven
nodes within the large-bodied clade as having significantly more
descendants than expected (Fig. 3A). MEDUSA, as implemented
in the R package geiger (Harmon et al. 2008), found no support
for any rate shift if the stem branch was excluded from the in-
group (cutAtStem = FALSE) and weak support (AAIC, = 1.27)
for a shift within the P. glutinosus group if the stem branch was
included (the node marked “m” in Fig. 3A). A whole-tree ran-
domization test with MEDUSA run on each of 1000 randomized
topologies never found AAIC, greater than or equal to the ob-
served (P < 0.001).

For the PRC, the whole-tree randomization test favored
rejecting the null hypothesis of no among-lineage rate varia-
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Figure 2. Detection of rate difference between a subtree and
remainder tree as a function of known relative diversification rates
(rate ratio is the pure-birth rate for the monophyletic subtree of
25 taxa over the base rate). dAIC is the difference in AIC. between
the single-rate and two-rate models. (A, C, and E) show results
from fitting only exponential distributions and (B, D, and F) show
results from fitting the best of the four distributions. Tree sizes
were 35 (A and B), 50 (C and D), and 75 tips (E and F). The dashed
horizontal line illustrates the detection threshold (AIC. lower for
the two-rate than one-rate model. A total of 250 simulations were
performed for each tree size and rate ratio.

tion (P = 0.034 based on P-values, and P = 0.010 based on
AAIC,; if the algorithm was limited to exponential distribu-
tions, P < 0.001 based on either P-values or AAIC,). PRC
suggested that the clade of large-bodied Plethodon including
P. ocmulgee and P. montanus has diversified more rapidly than
the paraphyletic group including the rest of the P. glutinosus
group and the small-bodied forms (Fig. 3B). The evidence for
this shift was much stronger from the PRC (AAIC,. = 5.48)
than from MEDUSA (AAIC,. = 1.27). If we consider all nodes
where a rate difference was favored by AIC,., there is also
an indication that the small-bodied P. welleri/P.wehrlei group
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Figure 3. Application of PRC to the radiation of Plethodon salamanders in eastern North America. (A) Clades with significantly (¢« = 0.05)
higher diversification rates according to the nonparametric relative cladogenesis test (Nee et al. 1992) are indicated by asterisks. (B) Clades
with higher or lower diversification rates according to PRC are indicated by hot or cold colors. Asterisks mark statistically significant
comparisons. The best fit model was exponential for all subtrees except that marked by “w,” which was best fit by a Weibull.
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Table 4. K -clades PRC test results fitting an exponential distribution to branch lengths. Clades are identified as follows: (1) Plethodon

cinereus clade, (2) P. welleri/P. wehrlei clade, and (3) P. glutinosus clade.

k Groups Rate 1 Rate 2 Rate 3 Parameters LLik AIC, AAIC,
1 123 0.095 1 —127.328 256.766 2.226
2 12vs3 0.062 0.127 2 —125.099 254.540 0.000
2 13vs2 0.112 0.048 2 —125.488 255.320 0.779
2 23vs1 0.100 0.078 2 —127.128 258.598 4.048
3 1vs2vs3 0.078 0.048 0.127 3 —124.770 256.246 1.706

diversified more slowly than the composite paraphyletic group
including the large-bodied radiation and the P. cinereus group
(Fig. 3B).

In addition to an increase in diversification rate in the large
Plethodon group, the strongest pattern is a switch from expo-
nential to Weibull in the large clade including P. ocmulgee and
P. montanus (the node marked “w” in Fig. 3B). Although we stress
that the analysis is phenomenological, this qualitative difference
suggests a biological difference in mode as well as tempo of di-
versification in the clade. The estimated shape parameter of the
Weibull is 1.46, indicating that longer branches are more likely
to split than short ones. This is consistent with the fact that the
clade is very balanced, with each long, internal branch ending in
a crown group of recently derived lineages. There is no biological
mechanism for lineages to “age” or “remember” how long it has
been since they originated, so it is unlikely that the diversification
process changes as branches go longer without splitting. However,
the pattern of long internal branches and short branches toward
the tips tends to be generated by a consistently high extinction
rate. Even so, a pure-birth model could not be rejected in favor of
a constant birth—death model (Kendall, 1948) using the method
of Nee et al. (1994b).

The K-clades analysis applied to the three groups (P. gluti-
nosus, P. welleri/P.wehrlei, and P. cinereus clades) rejects a single
rate model and favors a two-rate model with the large-bodied
P. glutinosus group diversifying faster than the small bodied
clades. However, a two-rate model with a decrease in diversi-
fication rate in the P. welleri/P.wehrlei group has similar support
and a three-rate model including both patterns is also within two
units of AIC (Table 4).

Judging by this example our PRC tests are slightly more
conservative than the rc test and more powerful than MEDUSA.
Moreover, PRC and K-clades analyses reveal more about the
mode and tempo of diversification than does the nonparametric
rc test. In particular, our results imply that variation in diversity
among groups of Plethodon might be caused by accelerated di-
versification in the large-bodied clade, decreased diversification
in the P. welleri/P.wehrlei clade, or both. In addition, the change
from exponential to Weibull within the large-bodied clade indi-
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cates deviation from a pure-birth model, possibly reflecting an
increase in the importance of extinction.

Conclusion

PRC provides a novel approach for exploratory data analysis of
rate variation within a phylogenetic tree. We emphasize that the
method can be implemented with any distribution appropriate
for waiting times, not just those illustrated here. The identifica-
tion of subclades in a tree showing relative rate heterogeneity
can be useful for informing evolutionary hypotheses. For ex-
ample, it might be interesting to know if cladogenic rates are
correlated with rates of morphological evolution. Likewise, if
the appropriate data exist, it might be interesting to examine
whether rate variation is associated with the origin of evolution-
ary novelty. PRC provides statistical power similar to the non-
parametric relative cladogensis test, but allows for more nuanced
interpretation. In the worked example with Plethodon salaman-
ders, PRC not only identifies the P. glutinosus group as having
a high diversification rate, but also indicates a qualitative differ-
ence as the branch lengths in the group are better fit by a Weibull
distribution.

PRC also provides a framework for explicitly comparing
rates among a priori defined clades. Applying the K-clades PRC
to the Plethodon example revealed a competing hypothesis: rate
variation in the genus might be explained by a decrease in di-
versification in the P. wehrlei group rather than an increase in the
P. glutinosus group. This approach might also be useful if there is,
for example, a phylogenetic component to variation in a group’s
habitat preference, life-history, or geographic range. Moreover, it
provides a tool to compare rates of cladogenesis among otherwise
disparate groups, such as between parasite and host. Unlike varia-
tion through time, or lineages-through-time, approaches, the PRC
method is not restricted to analyzing the sum total and accumu-
lation of cladogeneic events across the tree. Rather, it models the
distribution of branch lengths within subtrees of the tree, and does
not require that a given subtree necessarily be monophyletic (i.e.,
paraphyletic and even polyphyletic groups are appropriate for the
analysis). The method is robust to incomplete taxon sampling
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provided that taxon sampling is random. As with any methods
comparing diversity or rates of diversification, nonrandom sam-
pling can bias inference (Cusimano and Renner, 2010; Brock
etal.,2011). The PRC test can be implemented using the package
iteRates in the R statistical computing environment (R Develop-
ment Core Team, 2011).
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