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Quantifying rates of morphological evolution is important in many macroevolutionary studies, and critical when assessing possible

adaptive radiations and episodes of punctuated equilibrium in the fossil record. However, studies of morphological rates of change

have lagged behind those on taxonomic diversification, and most authors have focused on continuous characters and quantifying

patterns of morphological rates over time. Here, we provide a phylogenetic approach, using discrete characters and three statistical

tests to determine points on a cladogram (branches or entire clades) that are characterized by significantly high or low rates of

change. These methods include a randomization approach that identifies branches with significantly high rates and likelihood

ratio tests that pinpoint either branches or clades that have significantly higher or lower rates than the pooled rate of the

remainder of the tree. As a test case for these methods, we analyze a discrete character dataset of lungfish, which have long been

regarded as “living fossils” due to an apparent slowdown in rates since the Devonian. We find that morphological rates are highly

heterogeneous across the phylogeny and recover a general pattern of decreasing rates along the phylogenetic backbone toward

living taxa, from the Devonian until the present. Compared with previous work, we are able to report a more nuanced picture of

lungfish evolution using these new methods.
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“Evolutionary rate” can refer to many different concepts, ranging

from the rate of diversification (speciation minus extinction; e.g.,

Ricklefs 2007) to the pace of molecular sequence change (e.g.,

MindEll and Thacker 1996). One rate concept of particular in-

terest is the rate of morphological change. In other words, how

rapidly do features of the phenotype change in different groups

of organisms or during different time periods? Such questions are

central to the long-standing debate regarding gradual and punctu-

ational modes of evolutionary change (e.g., Eldredge and Gould

1972). Similarly, understanding the tempo of phenotypic change

is essential for answering many macroevolutionary questions. Do

some groups, the so-called living fossils of textbook fame, truly

change very little over great periods of time? Are some groups

characterized by a heritable shift, either a decrease or increase, in
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morphological rate relative to close relatives? Are high rates of

change concentrated early in a group’s history, perhaps in concert

with an adaptive radiation (e.g., Gavrilets and Losos 2009)? And

what organismal features or evolutionary processes may promote

high or low rates of change?

Before interpreting the causes and effects of high or low rates

of morphological change, it is necessary to rigorously quantify

the pattern of rates within a group or time period of interest.

Are rates actually heterogeneous—significantly different from

a pattern of randomly uniform morphological change—among

the organisms or times in question? If so, exactly which groups

or time periods are characterized by a significantly high or low

rate of change? Furthermore, can we identify specific points on a

phylogenetic tree, either specific branches or entire clades, that are

characterized by higher or lower than expected rates of change?

These questions are analogous to those often posed in the literature

on diversification over time (e.g., Chan and Moore 2002; Sims and

McConway 2003; McConway and Sims 2004; Ree 2005; Ricklefs

2007; Alfaro et al. 2009; Moore and Donoghue 2009). Biologists

are often interested in whether specific “key adaptations” may

have caused clades to become more diverse than closely related

groups, but as a first step must establish that these clades are

actually more diverse than expected by random chance.

Most previous studies have quantified morphological rates

using morphometric or other continuous character data, such

as body size or skull shape (e.g., Garland 1992; Hutcheon and

Garland 2004; Collar et al. 2005; O’Meara et al. 2006; Sidlauskas

2007; Harmon et al. 2008; Pinto et al. 2008; Adams et al. 2009;

Cooper and Purvis 2009). Discrete characters, such as those com-

monly used in morphological phylogenetic analyses, are rarely

marshaled as primary data in evolutionary rates studies, with only

a few examples in the literature (e.g., Westoll 1949; Derstler

1982; Forey 1988; Ruta et al. 2006; Brusatte et al. 2008). This is

a curious situation as large databases of discrete characters, as-

sociated with well-resolved phylogenetic trees, are available for

many groups of organisms. Furthermore, discrete characters can

easily be optimized onto a tree, and rates of change for individual

branches can be calculated by dividing the number of characters

changing along that branch by the time duration of the branch

(Wagner 1997). This procedure has been explored by a handful

of authors, but has mostly been used to compare morphological

to molecular rates of change along branches (e.g., Omland 1997;

Bromham et al. 2002), or to calculate temporal curves of evolu-

tionary rates (e.g., Wagner 1997; Ruta et al. 2006; Brusatte et al.

2008). Such temporal curves are useful for exploring the relation-

ship between rates and major geological (e.g., mass extinctions)

or biological (e.g., colonization of new ecospace) events, but do

not answer the question of whether specific groups of organisms

(branches or clades) have heterogeneous rates that differ from

random uniformity.

Here, we use discrete characters, examined in a phylogenetic

context, to determine exact points on a cladogram (branches or en-

tire clades) that are characterized by significantly high or low rates

of change. In other words, we address whether specific branches

linking two taxa have rates of change significantly different from

random variation, or whether entire clades are characterized by

higher or lower rates of change than the remainder of the tree.

The latter question is particularly interesting, as these clades may

be described as having a “rate shift,” potentially indicative of a

heritable change in rate that is retained in descendant taxa (i.e.,

members of that clade). To determine significant rate deviations

we use a likelihood-based method. Such methods have been used

previously in several studies of continuous morphological change

(e.g., Pagel 1998; Oakley 2003; Collar et al. 2005; O’Meara et al.

2006; Thomas et al. 2006; Revell et al. 2008), and are ideal in the

present case because of their flexible modeling capabilities and

tractable statistical properties.

As a case study for these methods we examine lungfish

(Sarcopterygii; Dipnoi), a well-known group with a long history of

analytical study with respect to their rate of morphological evolu-

tion (Westoll 1949; Simpson 1953; Martin 1987; Schultze 2004).

Lungfish have also played a prominent historical role in the de-

velopment of evolutionary thought, as a perceived pattern of high

rates of change early in their history, and a subsequent decrease

toward the present, led Darwin (1859) to refer to lungfish as “liv-

ing fossils.” In fact, lungfish are still among the classic textbook

examples of “living fossils” (literally—see, e.g., Simpson 1953;

Raup and Stanley 1978; Stanley 1979; Ridley 1996; Levinton

2001), and often receive mention in popular accounts (Jones 1999;

Dawkins 2004). Such groups have apparently changed very lit-

tle over great periods of time, although this notion has rarely

been tested. It is therefore important to determine whether lung-

fish do show decreasing rates of character change in certain re-

gions of their phylogeny, and whether specific lungfish clades

are characterized by a significantly lower rate of change than

others.

Materials and Methods
DATASET

A number of cladistic datasets exist for lungfish (Marshall 1986;

Schultze and Marshall 1993; Schultze and Chorn 1997; Krupina

and Reisz 2000; Schultze 2001, 2004; Ahlberg and Smith 2006;

Apesteguia et al. 2007; Cavin et al. 2007; Friedman 2007; Qiao

and Zhu 2009). However, many concentrate solely on those taxa

that lived during the earliest phase of lungfish history in the

Devonian, a time thought to be characterized by high rates of

change (Krupina and Reisz 2000; Schultze 2001; Ahlberg and

Smith 2006; Friedman 2007; Qiao and Zhu 2009), or more re-

cent post-Devonian taxa that have apparently changed at a more
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gradual rate (Schultze 2004; Apesteguia et al. 2007; Cavin et al.

2007). For our study, we require a global phylogenetic dataset that

includes taxa from throughout lungfish history, to more properly

test whether rates of character change have differed at differ-

ent times and in different clades. Thus, we use the dataset of

Schultze and Marshall (1993), which includes 60 ingroup taxa of

Early Devonian–Recent age scored for 90 morphological charac-

ters. This dataset has been modified for more recent phylogenetic

analyses focusing on Devonian (Schultze 2001) and Mesozoic

(Schultze 2004) taxa.

We have combined the original dataset with the two recent

modifications, along with the smaller matrix of Schultze and

Chorn (1997), into a “supermatrix” (e.g., Gatesy et al. 2002,

2004; Hill 2005). Two taxonomic changes and one character

modification were made prior to tree searches. Iranorhynchus

was removed, as this genus has dubious dipnoan affinities (Mar-

shall 1986) and can only be coded for three characters. We in-

serted Amadeodipterus (Young and Schultze 2005), which was re-

cently described in accordance with the same coding scheme. For

clarity’s sake, multistate character 36 (presence of cheek bones 11

and 10) was split into two binary presence–absence characters (al-

though this did not affect the phylogenetic result). This final and

enlarged dataset includes two outgroup (Psarolepis romeri and

Diabolepis speratus) and 84 ingroup species, comprising at least

one representative of nearly all known dipnoan genera, scored for

91 characters (see Supporting information ).

OBTAINING A RESOLVED CLADOGRAM

The rates analysis we present requires a fully resolved cladogram,

onto which characters can be optimized. As our supermatrix is a

novel dataset that has not previously been analyzed, we performed

a phylogenetic analysis in PAUP∗ (Swofford 2003). Due to the size

of the dataset tree searches were performed using the parsimony

ratchet (Nixon 1999) implemented by creating a PAUP∗ command

file using perlRat.pl (Bininda-Emonds 2004). Twenty batches of

1000 replicates were run, which returned 20,000 trees. These were

then filtered to find the shortest tree, and duplicates were removed.

These trees were then used as a starting point for a heuristic search

to recover other most parsimonious trees, which returned 784,000

trees before the memory limit was reached. Consensus trees show

that the lack of resolution is strongly concentrated amongst the

Devonian taxa. As it was not feasible to analyze all trees, and

the sheer size of both the dataset and resulting trees prevented

a tractable reduced consensus method (Wilkinson 1994), a more

pragmatic approach was sought. Here, a majority rule approach

was used that involved iteratively producing majority-rule con-

sensus trees and pruning out trees that were incongruent with it.

At conclusion this process produced just two trees, although as

they produced nearly identical results only the first is reported.

This method was preferred over other methods such as using

stratigraphic fit to choose between trees, which would bias the

results toward higher rates (as this would necessitate the sum

of branch durations—the divisor in a rate equation—to be min-

imized). Nevertheless, the variability between phylogenetic hy-

potheses should not be ignored, so we chose 10 equally spaced

additional trees and repeated the tests outlined below in each

case, although only using 100 rather than 1000 iterations (see

below). As the results for these trees do not affect the conclu-

sions drawn below, we confine these results to the supporting

information.

VARIATION IN CHARACTER OPTIMIZATION

A single cladogram may still vary in the evolutionary rates

it implies depending on the way characters are optimized on

the tree (i.e., the mapping of what changes occur on which

branches), which directly affects branch lengths (number of

character changes per branch). Typical optimizations in a par-

simony framework, which is the most common method of phy-

logeny reconstruction for morphological datasets, are accelerated

(ACCTRAN) or delayed (DELTRAN) transformation (Swofford

and Maddison 1987). Accelerated optimization favors losses over

convergence, and places character changes toward the root of

a tree. Delayed optimization, on the other hand, favors con-

vergence over losses and places changes toward the tips of

the tree. There are other optimization procedures, involving

maximum-likelihood and Bayesian techniques, but these are less

frequently used for discrete morphological datasets. In all cases,

we count the number of changes in the standard cladistic way,

so, for example, an unordered character change from 0 to 2 is

one change, but the same shift in an ordered character is two

changes.

ACCTRAN and DELTRAN result in a single discrete state

optimized for each character at each node. Ideally, it would be

beneficial to investigate the entire range of possible character

changes across the tree, but this would require varying optimiza-

tions character by character, a procedure that would demand an

inordinately large number of runs (and hence greatly increase

the length of computing time). Here we favor a more pragmatic

approach of examining two disparate character optimizations,

one where all ambiguous changes are plotted according to ACC-

TRAN and the other where all changes were plotted according to

DELTRAN. These two methods represent approximate end mem-

bers of the full spectrum of parsimony optimization values, and

this approach has a precedent in the literature (e.g., Brusatte et al.

2008). (Surprisingly, other previous work on lungfish rates did not

explicitly address this issue.) Future studies, of course, could in-

vestigate other optimization procedures, including likelihood and

Bayesian techniques.
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PROBLEMS WITH MISSING DATA

Phylogenetic methods such as those employed here are sensitive

to two potential biases associated with missing data: (1) incom-

pletely known taxa, those for which only a proportion of charac-

ters can be coded; and (2) unsampled taxa, those which cannot

be included in an analysis either because they are not available

for study or were never preserved as fossils. These two biases

are likely to affect the results in fundamentally different ways.

The former case is explicitly accounted for in the methods out-

lined below, but the latter currently has no implemented solution,

because it is impossible to predict the existence, and more impor-

tantly the character scores and temporal duration, of unsampled

taxa. This problem is not unique to the current study—any phy-

logenetic, biogeographic, molecular clock, or disparity analysis

is faced with the same issue—and is accepted as an unfortunate

and unavoidable reality by biologists and paleontologists. This

problem, however, should not be considered fatal. The methods

presented here are general techniques that can be applied to any

empirical dataset, and the results are contingent upon the reality

of the group being studied. As an analogy, general phylogenetic

methods such as parsimony, likelihood, and Bayesian techniques

are valid and useful, but may give incorrect answers if the char-

acter data are faulty or important taxa are not included in the

analysis.

In the face of this reality, it is important to demonstrate two

things. First, in reference to our chosen empirical test case, we

provide a quantitative assessment of the quality of the lungfish

fossil record through time. If there are systematic gaps in the fossil

record—in this case, entire time intervals that are poorly sampled

relative to other intervals—then differential sampling alone may

produce a signal similar to elevated and/or depressed rates of

change during intervals that have better/worse fossil records. If

differential sampling does exist, then this is critical to keep in

mind when interpreting the results of the rate analysis. There-

fore, researchers using our methods should always be careful to

consider sampling. We provide a quantitative consideration of the

lungfish fossil record below, and use this information to guide

interpretation of our results. Second, we also use simulations (be-

low) to explore the sensitivity of our methods to different levels of

biased sampling. These results are useful in helping researchers

decide whether an empirical group they are studying is known

from a good enough fossil record for insightful application of our

morphological rates methods.

We also note two potential protocols for mitigating the effects

of biased sampling, although we employ neither here, because

we demonstrate that the quality of the lungfish fossil record is

generally good. The first would be to simply randomly delete

taxa and repeat the tests to gauge any effects. A major drawback

with this approach is its time-consuming nature. Most of the

computational tests used here take hours or days to run, and these

would be supplemented with additional tree searching time (which

may also take hours or days). Thus, a random deletion approach

may only be appropriate for very small datasets at this time. A

second approach would be to sample evenly through time to begin

with (by taking a fixed number of taxa from each time bin), such

that, although not eliminated, the problem is not concentrated at

particular time periods. However, this approach would likely be

prone to type II errors because potentially important data would

be discarded.

DATING TREES OF FOSSIL TAXA: SENSITIVITY TEST

We date our trees following the method of Ruta et al. (2006) (see

Brusatte 2011 and Supporting information for a full description

of this method). The time durations of each branch of the tree

are calculated based on the absolute ages of the terminal taxa.

However, this introduces a source of ambiguity, because terminal

taxa in the fossil record are rarely dated with certainty. Each

taxon date, which is essentially the date of its entombing rocks

as determined by radioisotopic dating or correlation with dated

units, is always associated with error bars. We agree with Pol

and Norell (2006) that it is no longer acceptable to assume that

dates are known with certainty, especially in the case of vertebrate

fossils that are often only assignable to the stage or epoch level

and thus imply an uncertainty of several million years. To counter

this problem a randomization approach, similar to that of Pol

and Norell (2006), was adopted, in which numerical dates were

assigned to each taxon by drawing at random from a uniform

distribution bounded by the error bars associated with each taxon

age. Here, these error bars constitute the time bounded by the base

and top of the stage or epoch, using dates from Gradstein et al.

(2004), from which the first appearance of that taxon is known in

the observed fossil record. To assess the sensitivity of our test to

this uncertainty, this approach was repeated 1000 times, and in all

cases the full spread of results is reported.

THREE EVOLUTIONARY RATES TESTS

With a list of discrete characters, a fully resolved phylogenetic

tree, and an age range for each taxon, it is now possible to cal-

culate evolutionary rates for each branch of the tree, and to test

whether certain clades or time periods are characterized by statis-

tically significant rate deviations from the remainder of the tree.

Once again, in this approach, evolutionary rate is defined as the

number of characters changing along a branch divided by the time

duration of that branch. We outline three separate tests that, de-

pending on the practical realities of the dataset at hand and the

specific evolutionary questions being asked, are useful for deter-

mining rate heterogeneity across a tree. The first of these tests

is a simple randomization that identifies specific branches that

have unusually high rates of change. The second test is a likeli-

hood ratio test (LRT) that assesses whether specific branches have
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significantly high or low rates of change, and the third is a LRT

that assesses whether entire clades have higher or lower rates of

change than the remainder of the tree. All tests were performed

in R (R Development Core Team 2010) using the APE library

(Paradis et al. 2004) and the code is available on request from the

authors.

BRANCH RANDOMIZATION TEST

One frequent and straightforward question is whether we can iden-

tify branches whose rate of character change is significantly dif-

ferent (usually higher) than expected. In this case, “significantly

different than expected” refers to a difference from a rate calcu-

lated from a tree in which branch lengths (the number of character

changes) were assigned at random, assuming that the chances of a

change occurring along a branch is equal at all times and all places

across the tree. This approach draws upon a dated tree (using the

method described above) as a starting point. The randomization

proceeds by effectively laying all of these branches end-to-end and

rescaling them so that their total summed duration is equal to 1.

Random numbers between 0 and 1 are then drawn from a uni-

form distribution and assigned to a specific branch based on this

sequence. This process is repeated for the total number of char-

acter changes observed on the real tree; thus, the process mimics

the case where the probability of a character change is equal at

all times and in all places. Consequently, each branch may have

anywhere between zero and the total number of changes assigned

to it. Repeating this entire process 1000 times gives a distribu-

tion of changes for each branch, and then if the actual number of

changes observed is greater than that in 950 of the iterations then

it is deemed significantly high. (A one-tailed test—looking for

significantly “high” rates only—was chosen here as the overall

rate of character change in our lungfish dataset was sufficiently

low that the lowest possible value, zero, so often occurred that

it was almost impossible to get a significantly low value.) How-

ever, the method can in principle be used to detect branches with

significantly low rates in taxa with higher rates of morphological

change.

One minor modification to this process was made following

the observation of Wagner (1997) that terminal branches leading

to incompletely known taxa (e.g., those known from only a skull

and not the entire skeleton) necessarily carry a lower chance of

recording a change, due to missing data in the terminals alone.

Consequently, some terminal branches were rescaled by dividing

the number of sampled characters by the total number of charac-

ters so that the chance of a random change being assigned was

truly equal across the tree.

BRANCH LIKELIHOOD TEST

An alternative to the randomization approach is to use likelihood-

based approach, which we implement as follows. Let k denote the

number of branches in the tree. For branch i (i = 1, . . . , k), let

Xi denote the number of character changes occurring along that

branch; let ti denote the time duration of the branch in millions

of years (myr); let λi denote the intrinsic rate of evolution of

the branch; and let ci denote the observed completeness of the

branch (the proportion of the total number of characters that can

be evaluated based on the fossil material known). We model Xi as a

Poisson process with rate parameter λi. Here λi can be thought of

as the expected number of character changes per lineage million

years if all characters were observable (i.e., if ci = 1). Then, the

probability of observing x changes is given by the probability

mass function

P(Xi = x |λi ) =e−λi ti ci (λi ti ci )x

x!
.

The expected number of changes in branch i is thus λitici. For

example, suppose λi = 3 changes per million years, the branch

has a duration of 4 million years, and 50% of the total number of

characters can be observed. We would then expect an average of

(3)(4)(.5) = 6 observed character changes in this branch.

The Poisson process model is appealing because of its sim-

plicity, wide applicability, and prior usage in the macroevolution

literature (e.g., Ree 2005). The model has several inherent as-

sumptions, notably that character changes are reconstructed with-

out error; characters along a branch are defined such that they

evolve independently of each other; multiple character changes

cannot occur at simultaneous instants in time (although multi-

ple changes can occur along the same branch); the probability

of a character change is uniform along each branch; and taxon

sampling is uniform. We further assume, in calculating the joint

likelihood, that each branch is independent of other branches. Al-

though these assumptions cannot be tested directly, they should be

reasonable if the characters under study are chosen appropriately.

We use a LRT to test hypotheses of interest. This test is based

on the likelihood ratio (LR):

LR = value of likehood function under the null hypothesis

maximum possible value of likehood function under

the null or alternative hypotheses

In our case, the likelihood function l(λ1 . . . λk|x1 . . . xk) is

given by

l(λ1 . . . λk |x1 . . . xk) =
k∏

i=1
l(λi |xi ) =

k∏

i=1
P(Xi = x |λi )

=
k∏

i=1

e−λi ti ci (λi ti ci )x

x!
.

For instance, suppose we wish to test the null hypothesis that

all branches of the tree have a single common rate parameter, that

is, λ1 = λ2 = · · · = λk, against the alternative hypothesis that not

all rates are equal. Under the null hypothesis, all branches have
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equal intrinsic rates of evolution, and the numerator of the LR

is the likelihood evaluated at λ1 = λ2 = · · · = λk = λ̂, where

λ̂ = ∑
xi/

∑
tici is the maximum-likelihood estimate obtained by

pooling data from all branches. The denominator is given by

the likelihood evaluated at λ1 = λ̂1, λ2 = λ̂2, . . . ,λk = λ̂k , where

λ̂i = xi/tici is the maximum-likelihood estimate for branch i alone.

The test statistic for the LRT is −2log(LR), which approximately

follows a chi-square distribution with k − 1 degrees of freedom

under the null hypothesis, from which the P-value for the test can

be calculated.

We also use an LRT framework to identify branches that sig-

nificantly differ in their rate of evolution from the rest of the tree.

This is equivalent to testing the null hypothesis λ1 = λ2 = · · · =
λk against the alternative hypothesis λi �= λ1 = λ2 = · · · = λi−1 =
λi+1 . . . = λk for each branch i. It is straightforward to modify

the LRT described above to test this hypothesis: the numerator

remains the same, and the denominator is now the likelihood

evaluated at λi = λ̂i = xi/tici (the maximum-likelihood estimate

for branch i alone) and λ1 = λ2 = · · · = λi−1 = λi+1 . . . = λk =
λ̂(−i) = ∑

j �=ixj/
∑

j �=itjcj (the maximum-likelihood estimate ob-

tained by pooling data from all branches except branch i). Here,

the test statistic −2log(LR) follows a chi-square distribution with

one degree of freedom under the null hypothesis. To account

for multiple comparisons in testing multiple branches, we used

the procedure of Benjamini and Hochberg (1995) to control the

false discovery rate (FDR). This relatively recent method controls

the expected proportion of falsely rejected hypotheses rather than

the family-wise error rate (the latter being the overall probabil-

ity of committing any false rejections). In our situation, the FDR

method is preferable to approaches such as the commonly used

Bonferroni correction, as the latter tends to be overly conservative

when the number of comparisons is large, as is the case here.

CLADE LIKELIHOOD TEST

A second and related question to that posed above is whether there

are specific clades on a tree that, as a whole, exhibit a significantly

higher or lower rate than the remainder of the tree. If so, then in

some cases these clades may be interpreted as evolving a heritable

rate shift at or near their base, which is retained in descendants.

In other words, this approach may test the possibility that rates

of change can be inherited. Furthermore, this is an attempt to

produce a morphological equivalent of the test performed by the

software SymmeTREE (Chan and Moore 2005), which assesses

the shape of a phylogeny to test for significant shifts in the rate

of diversification (the interplay of speciation and extinction of

lineages; see below).

For this test, all nonterminal, nonroot nodes were identi-

fied, as these define clades that can be compared with another

portion of the phylogeny (i.e., the rest of the tree). A rate was then

assigned to each portion (the clade and nonclade) by simply sum-

ming the number of character changes and dividing by the total

amount of time spanned by the constituent branches. These two

values represent a two-parameter model of evolutionary change

that can then be compared with a single-parameter model (one

rate across the entire tree) using a likelihood ratio test. Such a test

is analogous to the branch likelihood test described above, except

that the denominator is now evaluated at the maximum-likelihood

estimate for the set of branches in the clade and the set outside

the clade. As with the branch likelihood test, missing characters

are accounted for using the ci coefficients.

As the branch and clade likelihood tests depend on an asymp-

totic chi-square approximation, we ran simulations to verify that

the tests worked correctly for sample sizes and tree structure equal

to that of our dataset. (It was not necessary to run similar simu-

lations for the randomization-based test, which is nonparametric

and does not depend on an asymptotic approximation.)

CHARACTER CHANGES PER LINEAGE MILLION

YEARS THROUGH TIME

Aside from identifying specific lineages or clades with signif-

icantly high or low rates of morphological evolution, it is also

interesting to determine if rates are heterogeneous over time (e.g.,

Forey 1988; Wagner 1997; Ruta et al. 2006; Brusatte et al. 2008).

However, it is not straightforward to ascertain when a “rate” oc-

curs, as a branch spans a length of time instead of pinpointing a dis-

crete moment in time. In other words, if a branch spans 25 million

years, then how should the rate of change along that branch be

binned? In previous studies, Ruta et al. (2006) simply counted

a “rate” as occurring where the branch begins (i.e., at the earli-

est possible point, the time of the first sampled descendant) and

Brusatte et al. (2008) followed the same procedure.

Here a slightly different approach is used (following

Chaloner and Sheerin 1979), whereby instead of ascertaining

when a rate (change/time) occurs, an attempt is made to mea-

sure when individual changes could have occurred in time. Thus,

this approach focuses on individual discrete character changes

instead of per-branch rates. This was done by drawing random

numbers (equal in number to the changes along a branch) from

a uniform distribution between the start of a branch and its end,

resulting in a vector of ages for each character change. So, for

example, if a branch spanned between 20 and 10 Ma and five

changes were known to occur along it, then five numbers were

drawn from a uniform distribution with a minimum of 10 million

and a maximum of 20 million. The summed number of changes in

a bin (here we use the c. 11-million year bins of Alroy et al. 2008)

was then divided by the summed duration of the branches within

that bin to get a per lineage million years rate. Accumulation

curves were also produced from the same data. This is a simpler

approach than those described above, and makes no correction for

incompletely known taxa.
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FOSSIL RECORD COMPLETENESS

To assess whether our results may be influenced, and hence ex-

plained, by shifts in the quality of the lungfish fossil record, we

wish to estimate the completeness of this record through time.

A straightforward and powerful way of achieving this is using

the simple completeness metric (SCM) of Benton (1987), itself

based on earlier work by Paul (1982). Essentially, this method

asks, “given that we know a taxon existed at a particular time,

how consistently is it sampled?” This is accomplished by taking

the known (observed) range (between its oldest and youngest fos-

sil occurrence, in time bins) of a higher taxon (here, the family)

and counting the number of time bins in which a species belong-

ing to that taxon is sampled. For example, if a family spans four

time bins and it is sampled in three then it has an SCM of 3/4

= 75%, or 0.75. This can be considered a Q-mode approach, but

the same calculation can be done in R-mode, such that the SCM

pertains to a time bin value. So, for example, if five families have

both first occurrences in or prior to that time bin, and last oc-

currences in or after that time bin and four of them are actually

sampled within that bin then the bin has an SCM of 4/5 = 80%,

or 0.8. We make one small modification to the approach of Paul

(1982) and Benton (1987), where they include the first and last

time bins in the count, we exclude them. This is because they can

artificially inflate apparent completeness. For example, a taxon

that in reality spans ten bins, if only sampled once, will have an

SCM of 1/1 = 100% or 1, whereas in reality it is 1/10 = 10%

or 0.1. We term our modification SCM∗. To perform this analysis

a comprehensive list of lungfish taxa was used, drawing heavily

from Schultze (1992) as well as the primary literature. This list

has been made available through Dryad [upload and link will be

made available on acceptance].

SIMULATIONS

We test the efficacy of our methodology by using a simulated

dataset, in which we know the true result (equal rates across the

phylogeny) and subsample the idealized tree (simulating an in-

complete fossil record) to assess whether our tests still correctly

recover the signal of equal rates, or on the contrary, if false pos-

itives (the most likely problem with rate analysis) occur. To do

this, we first created the true tree using the following protocol:

(1) a random tree of 8000 taxa (near the limits of what is feasi-

ble with the desktop computer used) was generated using APE’s

“rtree” function (Paradis et al. 2004); (2) the randomly assigned

branch lengths were converted to myr by making the maximum

path length (root-to-tip length) around 400 myr (the same as the

real lungfish data); (3) character changes along a branch were

then simulated randomly based on a probability of a change per

million years as 0.1 (within the feasible bounds of what we actu-

ally observe in the fossil record); and (4) the same changes were

assigned to one of 100 different binary characters (again, around

the same size as the real lungfish data). This latter point is key to

simulating the incompleteness of preservation of individual taxa

that we attempt to counter by using Wagner’s (1997) patristic

dissimilarity.

Once this process was complete, the next step was to artifi-

cially degrade the data in such a way as to simulate the taphonomic

filter of the fossil record. This was done as follows. First, we ran-

domly sampled taxa from the true tree, assuming that a taxon

has a probability of 0.01 of actually being sampled. It is difficult

to justify a specific value for this figure, but our choice has the

advantage of making the sampled tree of similar size to our actual

lungfish data. In addition, we feel that we are erring on the side of

caution as in reality the sampling rate may not be so bad if com-

parable to that of other vertebrates such as dinosaurs (Wang and

Dodson 2006) or Osteichthyes as a whole (Foote and Sepkoski

1999). Second, we simulated the incompleteness of individual

taxa (i.e., the percentage of morphological characters they could

be scored for) by randomly choosing a value between 1% and

100% completeness. We allow 100% completeness as, although

rare in the fossil record, this is possible, especially if extant taxa

are included. On the other hand if a taxon were 100% incomplete

it effectively would not be sampled at all. Although these bounds

are easily justified, sampling from a uniform distribution proba-

bly again errs on the side of caution. Our real data have over 80%

of the taxa as at least 40% complete, and in reality chosen taxa

and characters will bias the matrix toward being more complete.

Third, the sampled taxa are assigned ages based on randomly

sampling species occurrences between the limits of their known

true age. We set the number of occurrences to randomly vary

between 1 and 8, the best and worst case scenarios from the real

lungfish record (tabulated in the previous section). As we are in-

terested in calculating branch durations, the key occurrence here

is the earliest sampled date. This part of the simulation is key to

understanding how misdating the tree (due to first occurrences

of a taxon being long after its first real appearance) can affect

rates. At this stage, the key input values are available to perform

our four rate methods (three heterogeneity tests and temporal rate

curve) outlined above.

Results
BRANCH RANDOMIZATION TEST

The results of the branch randomizations are shown in Figure 1.

Roughly two-thirds of the branches (112 of 170 [66%] for

ACCTRAN, 109 of 170 [64%] for DELTRAN) show signifi-

cantly higher rates than expected in at least one of the 1000

dated trees, indicating a high level of heterogeneity in rates across

the phylogeny. However, some branches (67 of 170 [39%] for

ACCTRAN, 57 of 170 [34%] for DELTRAN) are sensitive to

variations in dating, and exhibit a mixture of significant and
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Figure 1. Branch randomization results. Pie charts indicate the proportional distribution of results across 1000 dated trees using the

sensitivity test described in the text and are split in two, with ACCTRAN results on top and DELTRAN results below in all cases. Green

indicates a significantly higher rate than expected (P < 0.05; compared to a randomized distribution assuming equal rates) and white

a nonsignificant result. For ease of viewing the figured tree is ladderized and all branch lengths set to one. The three extant genera

(Lepidosiren, Neoceratodus, and Protopterus) are found at the lowest right. Note the greater number of nonsignificant results (white) in

the post-Devonian (gray box).
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nonsignificant results when dates are randomly varied within

known limits. General congruence between the two optimizations

is moderate; only 78 of 170 (46%) branches give exactly the same

results across both optimizations. Of the 92 where exact propor-

tions differ, 9 (5%) give entirely opposite results (all significant

vs. all nonsignificant), 41 (24%) differ in absolute proportion but

share the most frequent occurrence (i.e., mostly significant or

mostly nonsignificant), and the remaining 42 (25%) have con-

flicting frequencies of significant and nonsignificant results. In

summary, although strict congruence across all variations in op-

timization and dating is low, when a more relaxed view is taken

about two-thirds of branches give the same overall picture. By

binning these results into Devonian (the traditional rapid phase

of lungfish evolution) and post-Devonian (the traditional slow

phase) it is clear that higher rates occur more frequently in the

Devonian (ACCTRAN: χ2 = 8059, df = 1, P < 10−15; DEL-

TRAN: χ2 = 3184, df = 1, P < 10−15). This pattern is consistent

across all most parsimonious trees (MPTs) assessed (supporting

information, Table 1).

BRANCH LIKELIHOOD TEST

The results of the branch likelihood test are shown in Figure 2.

Under both ACCTRAN and DELTRAN, the null hypothesis that

all branches have equal underlying rates of evolution was conclu-

sively rejected (ACCTRAN: χ2 = 1699, df = 159, P < 10−10;

DELTRAN: χ2 = 1439, df = 159, P < 10−10). In total 141 of

170 (83%) branches under ACCTRAN and 147 of 170 (86%)

branches under DELTRAN show significant excursions from the

one-parameter model (at α = .01 and incorporating the correction

for multiple comparisons) on at least one dated tree, again indi-

cating a highly heterogeneous distribution of rates. This time a

far greater sensitivity to dating was shown, with differing results

between dated trees found on 85 of 170 (50%) branches under

ACCTRAN and 84 of 170 (49%) branches under DELTRAN.

Again, congruence between the two optimizations is good—in

no cases was the most frequent result in direct opposition (i.e.,

mostly significantly high on one optimization vs. mostly signifi-

cantly low on the other). Although a lower proportion of branches

have identical results across all optimizations and dates (57 of

170, or 34%) a clear signal emerges in their distribution, with

most unambiguously high rates found in the Devonian and all

unambiguously low rates found in the post-Devonian.

CLADE LIKELIHOOD TEST

The results of the clade likelihood tests are shown in Figure 3.

Most clades show a significant excursion from the one-parameter

model (69 of 84 [82%] under ACCTRAN, 77 of 84 [92%] un-

der DELTRAN, at α = .01 and incorporating the correction for

multiple comparisons) on at least one dated tree. Of these, a sig-

nificantly higher rate within the clade (23 of 84 [27%%] under

ACCTRAN, 33 of 84 [39%] under DELTRAN) is less common

than a significantly lower rate (46 of 84 [55%] under ACCTRAN,

44 of 84 [52%] under DELTRAN) when any dated tree is con-

sidered. However, 29 of 84 (35%) clades under ACCTRAN and

34 of 84 (40%) under DELTRAN show a sensitivity to dating,

with the proportion of significantly high, low, and nonsignificant

values varying across dated trees. Similarly, 41 of 84 clades have

differing proportions of significantly high, significantly low, and

nonsignificant values between optimizations. Of these 30 (73%)

still share the same most frequent occurrence and in none of the

other 11 cases were the most frequent values in direct conflict

(i.e., the most frequent result was never significantly high for one

optimization and significantly low for the other). Consequently,

although only 44 of 84 (52%) clades give completely identical

proportions across all optimizations and dated trees, overall con-

gruence is still very high. These results thus clearly support the

pattern evident in Figure 3 of a persistent slowdown in rates along

the backbone of the tree (the path leading to the extant taxa), with

clades that show higher rates representing separate, and extinct,

excursions.

CHARACTER CHANGES PER LINEAGE MILLION

YEARS THROUGH TIME

Character changes per lineage million years through time are

shown in Figure 4. A clear and pronounced pattern of concen-

trated character change in the early history of lungfish is notable,

and is near identical between the two optimization proce-

dures. Three other minor peaks in rate also occur: in the mid-

Carboniferous, just prior to the Permo–Triassic boundary, and in

the mid-Cretaceous.

FOSSIL RECORD COMPLETENESS

The results of the SCM∗ test are shown in Figure 5. Although

they do show a peak value of 1 in the Devonian, when character

changes per lineage million years are highest, the same peak

is reached in the Carboniferous, Permian, and the Neogene, all

times of much lower rates of morphological change. The worst

part of the record is in the Late Permian where the SCM∗ drops to

zero (although there is also a gap at the Permo–Triassic boundary

where no data are available). Therefore, based on comparison of

the SCM∗ and morphological rates curves, it is clear that intervals

of high evolutionary rate are not always intervals of either high or

low sampling.

To quantitatively assess whether uneven sampling is con-

tributing to, or perhaps driving, our recovered temporal pattern

of morphological rates, we correlated the mean SCM∗ with the

mean number of character changes per lineage million years for

each time bin (Fig. 4). To avoid problems of autocorrelation,
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Figure 2. Branch likelihood test results. Key as in Figure 1, but here red indicates a significantly lower rate than expected under the

one-parameter model. Note the concentration of red (low rates) and white (nonsignificant branches) in the post-Devonian (gray box).
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Figure 3. Clade likelihood test results. Key as in figure 1, except here red indicates a significantly lower rate than expected under the

one-parameter model. Values at nodes indicate the rate for the clade subtended by that node compared to the rest of the tree (see text).

Note the absence of green (high rates) in the post-Devonian (gray box).
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Figure 4. Character changes per lineage million years results under (A) ACCTRAN and (B) DELTRAN. Geologic period abbreviations are

as follows: Sil. = Silurian, Devon. = Devonian, and Ng. = Neogene. Results are the composite of 1000 runs using the sensitivity test

described in the text. Points indicate the number of changes per lineage million years that occurred in each bin with error bars showing

the 95% confidence intervals. The line shows the same results, but this time as accumulated changes with the shaded area indicating the

95% confidence intervals. This latter approach is the closest way of replicating Westoll’s (1949) original lungfish analysis with a cladistic

dataset. Note the peak in rates at around 400 Ma as well as “kinks” at around 325 (mid-Carboniferous), 250 Ma (the Permo–Triassic

boundary), and 100 Ma (mid-Cretaceous).
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Figure 5. Single Completeness Metric∗ values for the lungfish fossil record. Solid line indicates mean, and gray the 95% confidence

intervals of 1000 randomizations that account for uncertainty in dating. Abbreviations for geologic periods (along x-axis) are as in

Figure 4.

we use generalized differencing (McKinney 1990). A very weak

positive relationship between SCM∗ and the amount of character

changes per lineage million years occurs (Spearman ρ = 0.08

and 0.12 for ACCTRAN and DELTRAN results, respectively)

that is nonsignificant (P = 0.64 and 0.49, respectively). When

cross-correlation is applied, to assess whether a stronger lagged

relationship exists between the time series, no significantly

stronger relationship was found. We therefore conclude that the

gross (in)completeness of the lungfish record is not strongly

influencing our results, and that our recovered pattern of mor-

phological rates is generally robust in the face of uneven

sampling.

SIMULATIONS: VALIDITY AND POWER OF THE

LIKELIHOOD-BASED TESTS

Because the branch and clade likelihood tests rely on an asymp-

totic chi-square approximation (i.e., the test statistic approaches

a chi-square distribution as the sample size increases to infinity),

we ran simulations to verify the validity of this approximation for

a sample size equal to that of our data. Here sample size refers

to the number of nonzero-length branches in the tree, equal to

132 in our data. The asymptotic chi-square distribution is exact if

the data (the number of changes in each branch) follow a normal

distribution. Here, we model the number of changes as Poisson

rather than normal, with its mean depending on the time duration,

completeness, and the rate of change of each branch. However, the

Poisson distribution approaches a normal distribution as its mean

increases. Thus, we expect the asymptotic chi-square approxima-

tion to hold better for longer time durations, higher completeness,

and higher rates of change. Even when these parameters are not

high (and the data as a result are not normal), the chi-square ap-

proximation will still hold if the number of branches is sufficiently

large (analogous to the central limit theorem). We sought to de-

termine whether the combination of parameter values and sample

size was sufficient in our case for the asymptotic chi-square ap-

proximation to be valid.

In running the simulations, we considered the tree topol-

ogy, branch durations (ti), and completeness values (ci) to be

fixed, and assigned a true rate of change (λi) uniformly across

all branches of the tree. We then simulated a random num-

ber of changes for each branch from a Poisson(λitici) distribu-

tion and carried out the branch and clade likelihood ratio tests.

These simulations confirmed that the tests perform as expected

(Figs. S7–S9). We found that, as expected, the approximation was

poor if λi was very low (e.g., .01 changes per million years), but

the results were reasonable when λi > .08 changes per million

years. Our actual dataset has λi = .148 changes per million years,

well above the value needed for the asymptotic approximation to
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hold given our tree topology, branch durations, and specimen-level

completeness.

We also ran simulations to assess the power of the branch

likelihood tests. We found that the test had high power when a

branch has a value of λi that is substantially higher than the rest

of the tree, but low power when λi is lower than the rest of the tree

(see ESM). This is a result of the generally low rate of change in

the lungfish tree. Because the overall rate of change is low to begin

with (λi = .148 changes per million years), the expected number

of changes on many branches is low, and thus it is difficult to find

significant evidence for a lower-than-expected rate of change. (It

is for this reason that we used the branch randomization test to

detect only branches with significantly elevated rates of change.

For trees with higher rates of change, we would not expect a

similar problem (and the same problem should not occur for high

rates of change, because the number of observed changes in theory

has no upper bound).

SIMULATIONS: SENSITIVITY TO INCOMPLETENESS

We also carried out simulations to assess the sensitivity of our

method to the incompleteness of the fossil record. We applied

each of the three tests to the equal-rates artificial data that was

degraded to represent a poor fossil record. Although two of the

three tree-based methods did exhibit instances of type I errors in

the degraded simulations (false positives, i.e., significantly high

or low rates when no significant differences should have been

found; Figs. S2–S6), in most cases branches and clades showed

either weakly equivocal (with respect to dating uncertainty) or

no excursion from the reality of equal rates across the tree in

the undegraded dataset. Using only the results which were un-

equivocal with respect to dating uncertainty, there were 33/156 =
21.2% branches with significantly high rates using the random-

ization test, zero branches with significantly low or significantly

high rates using the branch-based likelihood test, and 8/77 =
10.4% and 2/77 = 2.6% clades with significantly low and sig-

nificantly high rates, respectively, using the clade-based likeli-

hood test. The two likelihood-based methods appear to be less

likely to return false positives due to the adjustment for multiple

comparisons.

Finally, the changes per million years over time data are

shown in Figure S5. The simulated data understandably clumps

around the preset rate of 0.1 changes per million years, although

there is an edge effect due to smaller sample sizes that is exempli-

fied by larger confidence intervals in the earliest and latest parts

of the record. The degraded data shows a large missing portion

early on (where no taxa were sampled). Otherwise the majority

of points oscillate around the preset (true) rate, although there are

also several time bins where the confidence intervals do not incor-

porate this value. In addition, there is one clear outlier at around

90 Ma. The fact that the majority of these excursions are over-

estimates indicates the underestimation of branch duration (the

denominator in the rate equation), most likely due to incomplete

sampling.

Discussion
GENERALITIES OF THE METHOD

Beginning with the influential work of G. G. Simpson (1944),

evolutionary biologists have long sought to quantify the tempo of

evolutionary change. In particular, paleontologists have offered a

deep time perspective on one of the most general but interesting

questions in evolutionary biology: how has organismal morphol-

ogy changed over time? Many early attempts to explain the pace

of morphological evolution were largely narrative based, but more

recently studies have focused on quantifiable morphological fea-

tures analyzed within a rigorous statistical framework. The major-

ity of these studies examine continuous characters such as body

size, but here we use new methods to examine rates of change

of discrete characters. Most previous work on discrete charac-

ter rates has concentrated on changes in rate over time (Wagner

1997; Ruta et al. 2006; Brusatte et al. 2008)—in other words,

whether different time intervals have faster or slower rates than

others—but our focus is on whether different branches or clades

on a phylogeny have heterogeneous rates.

An analogous research trend characterizes the past three

decades of biodiversity studies. Initial research focused on quanti-

fying organismal diversity over time (Sepkoski 1978, 1981, 1982;

Raup and Sepkoski 1982), but more recently workers have become

interested in a separate but related question: are certain clades on

the tree of life significantly more diverse than others? More to

the point, how can we identify groups that are significantly more

diverse than expected by random chance, and what evolutionary

phenomena may explain these patterns (Chan and Moore 2002,

2005; McConway and Sims 2004; Moore and Donoghue 2009)?

Recently, Chan and Moore (2005) developed a software program,

SymmeTREE, that assesses the shape of a phylogeny to test for

significant shifts in the rate of diversification (the interplay of

speciation and extinction of lineages), and this has been used

to identify diversification rate shifts in living (e.g., Jones et al.

2005) and fossil (e.g., Ruta et al. 2007; Lloyd et al. 2008; Tsuji

and Muller 2009; Brusatte et al. 2011) taxa. In effect, the clade

likelihood test that we present here is a morphological equivalent

to SymmeTREE. The underlying question we are testing is the

same, except relevant to morphological rather than diversification

rates.

The development of an analogous morphological rate test

may allow for easier comparison of rates of diversification and

morphological evolution, which are held to be correlated by

the most prominent explanations for the theory of punctuated

equilibrium (Eldredge and Gould 1972) and may be expected to
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be correlated during episodes of adaptive radiation (e.g., Schluter

2000; Adams et al. 2009; Gavrilets and Losos 2009). The first

rigorous comparisons between these two rates were just re-

cently undertaken (Adams et al. 2009), but the development of a

morphological equivalent to SymmeTREE may allow future

workers to compare rates of diversification and morphological

change, within a phylogenetic context and based on the same

initial dataset (discrete phylogenetic characters and the resulting

cladograms).

Additionally, tree-based morphological tests may allow for

the identification of heritable rate shifts, or places on the tree

where higher or lower rates, later inherited by descendant taxa,

were first developed. Identifying such shifts is not foolproof, but

the combination of branch and clade tests provides a valuable tool.

It is tempting to consider a clade with a higher/lower rate of change

than the rest of the tree, as one in which there was a shift at its base.

However, because the rate of each clade is taken as an average of its

constituent branches, it is possible for a small number of extremely

high/low branches to drive the whole-clade pattern. With this in

mind, if an entire clade is identified as having a significantly high

rate and all, or most, of its component branches are significantly

high, the hypothesis of a basal, heritable rate shift is tenable.

On the contrary, identification of only a few high constituent

branches and many low or nonsignificant branches argues against

a heritable shift. In essence, the combination of lineage and clade

tests allows for rates to be coarsely optimized onto the tree, just

like discrete or continuous morphological characters, and shifts

(gains and losses) in rate to be determined. We do not explore

this method further for lungfish, as most of the major questions

we are trying to address deal with rate heterogeneity over time,

but these methods may be useful if researchers are interested in

whether rate shifts coincide with diversification shifts or if rate

shifts may be associated with the development of key innovations

or the exploitation of new ecological opportunities.

LUNGFISH EVOLUTION

That lungfish have undergone relatively little morphological

change subsequent to their first appearance and initial radiation in

the Devonian has been noted since Darwin’s day and the discov-

ery of the first living lungfish, Lepidosiren (Fitzinger 1837) from

South America. Perhaps the earliest attempt to trace their lineage

was that of Dollo (1895), but calculations of rate would wait until

the establishment of the first absolutely dated geologic time scales.

This process began in the early part of the 20th century with the

first radiometric dates (Knopf 1949). Simpson (1944) is widely

regarded to have pioneered the study of evolutionary rates, placing

time as palaeontology’s key contribution to the wider field of evo-

lutionary biology. However, although landmark studies, most of

Simpson’s methods were based on change in a single continuous

character, such as body size or tooth shape.

The natural starting place for the present contribution is the

study of Westoll (1949). This was one of the earliest attempts to

gauge the rate of evolutionary change across the whole organism,

and like our study, focused on lungfish. Using 26 characters,

Westoll gave 15 species scores ranging from 100 (hypothetical

ancestor) to 0 (the living lepidosirenids). When plotted against

time, it was clear that the largest change in score occurred in a

relatively short period of time early in lungfish history and that

subsequent change was indeed slow. Simpson (1953) assimilated

Westoll’s results, reversing the numbering so that it reflected an

increase in score through time, emphasizing the acquisition of

novel characters instead of the loss of primitive ones, as well as

calculating absolute rates. Figure 4 in our article is thus an updated

version of Simpson’s (1953) figure 4.

Following Simpsons’s (1944, 1953) and Westoll’s (1949) re-

sults, lungfish became a classic example of “living fossils” and

were often used to illustrate general principles of evolution in text-

books and popular accounts. Surprisingly, large-scale patterns of

lungfish evolution were not revisited again until Wagner (1980)

attempted to fit different models of character change to Westoll’s

original results. Subsequently, lungfish evolution has been revis-

ited twice with more recent datasets (Martin 1987; Schultze 2004).

Martin (1987) was the first author to note that ancestor-descendant

pathways leading to different taxa give slightly differing results

(in his figure 10 Triassic ceratodontids had a faster, and Triassic

ptychoceratodontids a slower, rate than the extant lepidosirenids).

However, Westoll’s (1949) most important conclusion, that char-

acter evolution was rapid in the Devonian but followed by slower

rates of change, was still upheld. Schultze (2004) used a version

of the present dataset to calculate rates over fairly coarse bins

(equal or greater in length than a geological period), grouping

all dipnoans together (rather than showing differences between

branches of the tree) to give an average “rate of morphologi-

cal evolution” through time. Again these results upheld Westoll’s

original conclusions.

Here, Figure 4 represents the best comparison to these ear-

lier efforts. Globally the picture is congruent with these earlier

studies; however, hitherto unrecognized minor increases in rates

are observable, most prominently at around 255 Ma, roughly co-

incident with the Permo–Triassic boundary and is present across

all MPTs assessed. We suspect that this pattern is only absent

from earlier studies due to their coarser time bins. Forey (1988)

also found the highest rate of coelacanth evolution, and greatest

number of taxa, to occur nearby, in the Triassic, indicating this

period may have been as globally important for the evolution of

nontetrapod sarcopterygians as it was for tetrapods (Sahney and

Benton 2008). In other words, the Permo–Triassic may have been

a critical stage in the evolution of lungfish, a pattern that is just

beginning to emerge due to larger phylogenetic datasets, better

absolute dating control, and more sophisticated rate methods.
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The present study, based on an expanded character dataset

and three novel methods of assessing rate heterogeneity across

a phylogenetic tree, also adds several other new observations to

the tempo of lungfish evolution. The first of these (Fig. 1) shows

a decrease in significantly high rates over time. It also suggests

that a null hypothesis of equal rates across the tree is a very

poor model for what is observed in the fossil record, with most

branches representing a significant excursion to high rates across

most optimizations and dating randomizations.

In the likelihood approach, although most branches are again

significantly different than expectations, the excursions are more

symmetrically distributed (between higher and lower rates). Fur-

thermore, the ability to distinguish low as well as high rates is a

strength of the likelihood approach. From these results, it is clear

that the early backbone of the tree is dominated by high rates,

but in addition that this pattern actually continues into the post-

Devonian. Indeed, the first branch on the line to the extant taxa

that shows any significantly lower rates subtends the Gnathorhiza-

Lepidosiren clade, dated as Late Carboniferous (Pennsylvanian)

in age. However, even here the majority of branches are still non-

significant. In fact only one branch on the direct pathway to the

three extant genera is significantly low across all optimizations

and date randomizations. This is the branch subtending the crown

group (containing the three extant genera, plus Mioceratodus),

dated as Early Cretaceous in age. Such results offer a more com-

plex picture than offered by previous workers, although Schultze

(2004) did show a rise in rates in the Cretaceous and Martin’s

(1987) pattern is not as smooth as Westoll’s (1949). However,

neither worker suggested that the major tapering off of evolution-

ary rates on the line to the extant taxa was actually postponed until

the late Mesozoic, which our data seem to indicate.

The reason for the seeming incongruence between this re-

sult and those shown in Figure 4 is twofold. First, the approach

used in Figure 4 (and by Schultze 2004) groups all changes by

time, regardless of the number of branches involved, and branches

are surely more numerous in the Devonian than post-Devonian.

Indeed, the relative gsize of the Devonian and post-Devonian

portions of the tree in Figures 1–3 confirms this. Consequen-

tially, misinterpretation of Figure 4 could lead to the expecta-

tion that per-branch rates ought to be uniformly lower in the

post-Devonian. However, the results of Martin (1987), where

more post-Devonian than Devonian branches are sampled, do

seem to show low rates (shallow slopes) on three separate lin-

eages in the post-Devonian. Closer inspection, although, does

show one branch (from Tellerodus formosus to T. sturii, at the

termination of the “Triassic ceratodontids,” his figure 10) to

be significantly steeper and the lepidosirenid line is not bro-

ken up (i.e., taxonomically sampled) to the same degree as it

is here. A second reason for the difference is that the phyloge-

netic methods used here include an important additional correc-

tion for sampling bias (incompleteness of individual taxa: pa-

tristic dissimilarity, Wagner 1997), whereas the approaches of

Figure 4 and previous authors either require or assume complete

or near complete preservation of each taxon. Taken together, the

results of the branch-based likelihood approach argue for the

phylogenetic elucidation of patterns that a “binning-by-time”

method obscures.

Our final phylogenetic approach compares entire clades.

Here a very clear pattern is apparent (Fig. 3), seemingly indi-

cating that the low rates present in the crown group permeate

throughout all clade comparisons, such that any clade including

the crown will be shown to be evolving slower than the rest of

the tree. The corollary to this is that the three large (five or more

taxa) Devonian clades that diverge from the extant line show

relatively high rates. However, the three post-Devonian clades

(Tranodis-Ctenodus, Parasagenodus-Ceratodus latissimus, and

Microceratodus-Arganodus) divergent from the extant line do not.

Consequentially, the clade-based likelihood approach seems to re-

vert to a similar, more simplistic, interpretation as that of Figure 4

and earlier studies, namely that Devonian rates are high and post-

Devonian rates are slow. However, our methods take into account

sampling biases, in terms of number of branches, time duration

of branches, and preservation of taxa, putting the coarser-level

interpretation of previous studies on a sounder footing.

In summary these results suggest that lungfish morphological

evolution has indeed slowed down since the Devonian, but notable

exceptions occur when the data are viewed at a higher resolution,

either in terms of shorter time bins or at the level of individual

branches. Most significantly, living lungfish may not have seen a

significant retardation of the rate of morphological evolution in

their ancestral line until the Cretaceous, rather than the Palaeozoic

as previously thought. In other words, lungfish may have dwindled

to “living fossil” status much more recently, and have not been

stagnant for over 300 million years as the textbook story holds.
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