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Abstract.—Estimating divergence times using molecular sequence data has become a common application of statistical
phylogenetics. However, disparities between estimated ages for clades produced in different studies have become equally
commonplace. Here, I propose a method for the objective assessment of the likelihood of inferred divergence times to
evaluate the placement of fossil constraints using information from the broader fossil record. The inclusion of nodes from
the Tree of Life for which credible age ranges are known, in addition to the fossil constraints used in the ingroup, will
allow for the comparison of alternate fossil placements when the phylogenetic affinity of a fossil is ambiguous as well
as provide a heuristic assessment of the global likelihood of estimated divergence times. The use of these “likelihood
checkpoints” will allow for the comparison of inferred dates across data sets and across taxonomic groups to place
divergence time estimates into a broader evolutionary timescale. The method is illustrated with an example using an
expanded phylogenetic estimate of the Gnathostomata, inferred with relaxed-clock molecular dating methods. [Divergence
time estimation; fossil calibrations; maximum likelihood; molecular phylogenetics; relaxed clocks.]

Divergence time estimation has emerged as one of
the most useful extensions of phylogenetic inference
(Renner 2005; Donoghue and Benton 2007). Although
the assumption of a strict molecular clock rarely holds
(Wu and Li 1985; Britten 1986), relaxed-clock meth-
ods can now provide robust chronograms, allowing
researchers to answer numerous questions about the
evolutionary history of organisms that require esti-
mates of node ages or rates of molecular evolution
(see Donoghue and Benton 2007). However, while
individual studies each contain a particular ingroup and
molecular data set, all represent components of a single
unified Tree of Life (Benton and Ayala 2003). There-
fore, divergence time estimates for particular groups
do not exist in isolation, as inferred dates have broader
implications about the timing of the evolution of all
living organisms. While the fossil record may be scanty
or nonexistent for some lineages and many crown
groups, it provides information on the timing of the
appearance of many major groups of organisms, partic-
ularly vertebrates (Benton 1990; Benton and Donoghue
2007). However, any study of divergence times can only
reasonably incorporate a small fraction of this informa-
tion, discarding the rest due to issues of computational
intensity and the availability of molecular data.

This lack of complete calibration information can re-
sult in decreased precision for inferred dates when the
temporal space in which divergence time estimates can
vary is allowed to be excessively large, when in reality it
should be constrained to a far narrower timescale. Abso-
lute constraints on divergence time estimates (i.e., 4570
and 0 Ma) rarely enter into consideration. Thus, with-
out broader calibration from the Tree of Life, the age
of a clade is basically free to vary across any timescale
defined by the fossil constraints. An extreme example

is the inferred age for the arthropod-nematode diver-
gence given by Wang et al. (1999) at 1167 Ma, with a 95%
confidence interval (CI) containing the formation of the
universe in the big bang (Graur and Martin 2004).

The temporal interval in which the age of a clade may
vary is defined not only by the fossil history of the clade
itself, but also by the entire known fossil record and
the geological history of the Earth. The use of fossils
as minima for nodes with no or only broad maxima
tends toward systematic overestimation of divergence
times (Hugall et al. 2007), a phenomenon that has been
addressed on an ad hoc basis by authors working with
specific groups (e.g., Hugall and Lee 2004; Brown et al.
2007; Kitazoe et al. 2007; Marjanovic and Laurin 2007).
Divergence times that are significantly older than that
indicated by the fossil record, implying a huge temporal
gap in fossilization, make one of two concrete state-
ments. Either the root of the Tree of Life (or at least the
higher level crown group) is far older than the fossil
record and the majority of molecular divergence time
studies have previously indicated, or the majority of
divergences happened relatively early, placing extant
taxa on very long branches. Such ancient dates would
also posit that the majority of fossil taxa are members
of crown groups, closely allied with modern organ-
isms. Both these predictions are testable using available
data.

Here, 1 propose an a posteriori method for eval-
uating the temporal likelihood of divergence time
estimates for crown groups and an application for
assessing alternative fossil calibration placements. The
latter is an especially large contributor of variance to
inferred divergence time estimates, and methods for
evaluating fossil placement have been an active area of
research (Near and Sanderson 2004; Near et al. 2005;
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Rutschmann et al. 2007, Marshall 2008). Varying the
placement of fossil calibrations can greatly affect infer-
ence of divergence times (Near and Sanderson 2004;
van Tuinen and Hedges 2004; Rutschmann et al. 2007);
thus, a method that allows one to objectively assess
the likelihood of divergence time estimates and/or the
placement of ambiguous constraints would be partic-
ularly useful. This is not merely a theoretical concern
as authors often present several possible sets of diver-
gence times based on alternate fossil placements (e.g.,
van Tuinen and Hedges 2004), occasionally going so far
as to show multiple alternative chronograms and their
attendant biogeographic implications based on different
fossil calibration strategies (e.g., Zhang et al. 2008).

MODEL
Background

A comprehensive reading of the fossil record yields
a basic framework of credible minimum and maxi-
mum dates for a number of major nodes in the Tree
of Life (see http://www.fossilrecord.net; Benton and
Donoghue 2007; Donoghue and Benton 2007; Table 1). If
these nodes for which credible age ranges are known are
present and unconstrained in a phylogeny, we can prob-
abilistically assess divergence time estimates, and thus
fossil calibration placement, based on the likelihoods
of the inferred ages of those nodes. This will allow for
the assessment of the likelihood of estimated divergence
times and the placement of fossil calibrations, calculated

Notation and Parameters

A dated chronogram typically consists of the observed
number of substitutions along branches (the product of
rate and time) and a set of fossil calibrations on the
tree (F;), from which the set of rates and times compris-
ing the sum total of branch lengths are calculated. This
yields an ultrametric tree (T), with branch lengths equal
to time, yielding divergence time estimates for every
node in the phylogeny. Various algorithms have been
implemented for these calculations, allowing rates of
evolution to be constant (i.e., a strict clock, Zuckerkandl
and Pauling 1962), autocorrelated through time (Thorne
et al. 1998; Sanderson 2002) or uncorrelated (Drum-
mond et al. 2006). In addition to nodes on which fossil
constraints have been placed, a set of additional nodes
from the Tree of Life for which a temporal scale is known
(sensu Benton and Donoghue 2007) will be present in
the phylogeny or can be added through the inclusion of
more taxa. These nodes, here dubbed “likelihood check-
points,” will be denoted N, consisting of V nodes, Ny.

The actual location of these nodes (i.e., in the in-
group or as outgroups) is irrelevant, provided that
their age bracketing can be robustly justified. If the
ages of the nodes comprising N; encompass a range of
possible dates, they can be represented by probability
distributions denoted P(Ny). Thus, the likelihood of
a chronogram T given the fossil constraints F; can be
assessed by calculating the joint probability densities of
the inferred ages for the likelihood checkpoints, Ny,
taken from T:

using the probability densities of the estimated ages for v
the bounded nodes, regardless of the type of data or L(T|F:) = H P(Ny))- (1)
computational method used to generate the estimated i=1
dates.
TABLE 1. Putative oldest known fossils for selected extant clades of sarcopterygians
Clade Fossil Stratum Age (Ma) Reference
Coelacanthomorpha Eoactinistia foreyi Devonian (Praghian/Emsian) 407 Johanson et al. (2006)
Dipnomorpha Styloichthys changae Devonian (Lochkovian/Praghian) 4112 Zhu and Yu (2002)
Tetrapodomorpha Kenicthys campbelli Devonian (Emsian) 397.5 Miiller and Reisz (2005)
Lissamphibia Gerobatrachus hottoni Permian (Leonardian) 290 Anderson et al. (2008)
Salientia Triadobatrachus massinoti Triassic (Scythian) 245 Rage and Rocek (1989)
Anura Eodiscoglossus oxoniensis Jurassic (Bathonian) 164.7 Evans et al. (1990)
Caudata Karaurus sharovi Jurassic (Tithonian) 150.8 Ivakhnenko (1978)
Gymnophiona Eocaecilia micropodia Jurassic (Sinemurian) 189.6 Jenkins and Walsh (1993)
Amniota Hylonomus lyelli Carboniferous (Vereiskian) 309.2 Dawson (1863)
Mammaliaformes Hadrocodium wui Jurassic (Sinemurian) 195 Luo et al. (2001)
Prototheria Steropodon galmani Cretaceous (Albian) 110 Archer et al. (1985)
Metatheria Sinodelphys szalayi Cretaceous (Barremian) 125 Luo et al. (2002)
Eutheria Eomaia scansoria Cretaceous (Barremian) 125 Jietal. (2002)
“Reptilia” Eudibamus cursoris Permian (Asselian) 294.6 Berman et al. (2000)
Testudines Odontochelys semitestacea Triassic (Carnian) 220 Reisz and Head (2008)
Archosauriformes Euparkeria capensis Triassic (Anisian) 243 Miiller and Reisz (2005)
Aves Archaeopteryx lithographica Jurassic (Kimmeridgian) 150.8 Von Meyer (1861)
Neognathae Neogaeornis wetzeli Cretaceous (Maastrichtian) 70 Lambrecht (1929)
Paleognathae Diogenornis fragilis Paleocene (Thanetian) 55.8 Alvarenga (1983)
Crocodylia Effigia okeeffeae Triassic (Rhaetian) 210 Nesbitt (2007)
Rhyncocephalia Brachyrhinodon taylori Triassic (Carnian) 228 Huene, 1910; Benton (1990)
Lacertilia Tikiguania estesi Triassic (Carnian) 216.5 Datta and Ray (2006)
Iguania Bharatagama rebbenensis Jurassic (Lias) 175.6 Evans et al. (2002)
Serpentes Lapparentophis defrennei Cretaceous (Barremian) 130 Hoffstetter, 1959; Rage (1987)
Alethinophidia Haasiophis terrasanctus Cretaceous (Cenomanian) 95 Tchernov et al. (2000)

Note: This list is not intended to be comprehensive; groups were included that have fossils dating at least to the early Cenozoic. Ages given are
either the age reported by the primary author or the lower bound of the stratum in which the fossil was found. No precision is intended by the
listing of a single age without error. Fossils should be interpreted as stem group members of the indicated clade.

2102 ‘8T [Hdy Uo o[[oInjeN SII0ISIH,P [RUONEN WN,SNIA] Np d[enua)) anbyiorqrg e /310" seuinolpiojxo-oiqsAs;/:diy woijy papeofumo(y


http://sysbio.oxfordjournals.org/

2010 PYRON—ASSESSING FOSSIL CONSTRAINTS 187

Thus, given n different sets of divergence time es-
timates/chronograms (T(1), T(),--.,T(»)), which are
based on 7 alternative fossil calibration strategies (Fy(),
Fi2),- -, Fyn)), we can objectively choose between them

based on the likelihoods of the estimated ages Nt(i)
of the likelihood checkpoint nodes. In essence, we are
choosing the fossil calibrations and resulting divergence
time estimates that fit best into the global framework of
the known fossil record, with the likelihood checkpoints
forming a sort of “meta-prior” on the divergence time
estimates. For this model, we will use a lognormal dis-
tribution with the min and max ages from the fossils as
the bounds of the 95% CI to parameterize P(Ny;). This
has several attractive features for divergence time esti-
mation, as noted in Drummond et al. (2006). The use of
the min and max ages as the 95% CI allows for enforce-
ment of the fossil ages as soft rather than hard bounds
(Yang and Rannala 2006), allowing for incorporation of
error around the dating and stratigraphic assignment of
the fossils themselves. The parameters of the lognormal
distribution are given as:

— In(Fin) + In(Frax)

In(Fax
Nyiy= 5 » O B

— ln(Fmin)

(2a,b)
where Fpin and Fpax are the minimum and maximum
fossil ages. Thus, given Ny and oy;), we may define
the lognormal P(N;)) as:

e~ (InNig _Nt(i))z/(ZO'tz(i))
Nt(i) Oti)V 27

P(Ny)) = ) (3)

For cases in which the fossil history is too fragmentary
for justifiable bounds to be placed around nodes, the
model can be parameterized to utilize a single minimum
bound as a likelihood checkpoint. This may be helpful
in cases where the most useful fossil information is the
first appearance of the group in the fossil record (the old-
est known fossil), used to calibrate the divergence be-
tween a clade and its sister group. In this case, P(Nt(i))
may be defined using an exponential distribution with
mean f3, equal to the fossil age. This has the drawback
of creating a very flat likelihood surface due to the long
tail of the exponential distribution, where the inferred
likelihoods of even drastically different dates may not
be very different. However, the exponential distribution
allows for the use of a single minimum bound without
the error estimate that a lognormal distribution would
require, which will be necessary when the fossil record

for a group is sparse. P(N;)) is thus given by:
P(Eig) = e N0 /%, @

These likelihood checkpoints should ideally be dis-
tributed throughout the tree, associated with constraints
at as many different temporal scales as possible. This is
necessary to avoid potential bias arising as a tendency
to select fossil constraints that are closer to individual

checkpoints, rather than ones that produce overall more
likely date estimates. Evaluating the comparative likeli-
hood of multiple dated chronograms, alternative fossil
placements, and/or several potential calibration sets
will then be relatively straightforward.

The Akaike information criterion (AIC; Akaike 1974)
is often used to compare the relative goodness of fit of
models of evolution (e.g., Felsenstein 1981); here, we
will use the AIC to evaluate alternative divergence time
estimates. The number of free parameters (k) for the al-
ternative trees will be the number of fossils that differ in
location between the sets of fossil calibrations. The vari-
ance contributed to N; by the shared fossil constraints is
theoretically a consistent parameter across the multiple
calibration sets, and thus, the identical constraints do
not represent independent observations of an unknown
variable. However, the unique fossils represent variable
parameters for the estimation of L(T|F;). Given the po-
tential nonequivalence of parameter estimates among
different calibration sets, this use of the AIC can pro-
vide an initial metric by which to choose fossils or fos-
sil placement but should be considered an approxima-
tion. Alternatively, one could employ the criterion of Ed-
wards (1992), interpreting a difference of two likelihood
units as a significantly better fit, or simply choose the
calibration set or placement with the highest likelihood.
These two approaches ignore the possibility of excess
parameterization; however, this may not be a concern
with smaller numbers of constraints.

Advantages, Assumptions, and Limitations

The primary assumption made is that the known fos-
sil record of the ingroup or the immediate outgroups
provides a sufficiently numerous and robust robust
framework for the simultaneous use of fossils as likeli-
hood checkpoints and testable calibrations. While this
is not a limitation of the method itself, but rather of
the quality of the known fossil record, it may pose
challenges for the standardization of likelihood check-
points for certain groups. This assumption may be valid
for many groups with detailed fossil records (such as
snakes and turtles; Rage 1987; Near and Sanderson
2004), whereas groups with more sparse fossil data may
be forced to rely on deeper outgroup checkpoints to test
ingroup calibrations, without a clear choice between
checkpoints and calibrations. This also highlights the
importance of increasing the availability and synthe-
sis of the fossil record with evolutionary and phylo-
genetic studies of extant taxa through efforts such as
http:/ /www.fossilrecord.net. Other potential limita-
tions include the broad likelihood surface introduced
by the use of the exponential distribution, which may
be unavoidable if a particular group lacks a detailed
enough fossil record to place the upper and lower
bounds on checkpoints as required by the lognormal
distribution.

This method allows for the statistical evaluation of
the placement of phylogenetically ambiguous fossils
on different nodes. The use of some fossil information
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as likelihood checkpoints rather than as constraints in
the primary dating analysis may be desirable for two
reasons. First, the addition of more fossil constraints
may do nothing to highlight or combat improperly as-
signed calibrations because dates inferred using both
“good” and “bad” fossils will necessarily be a compro-
mise between the two. The effect of poorly fit fossils
is not mitigated (at least not entirely) by the addition
of more constraints (e.g., Near et al. 2005; Rutschmann
et al. 2007). Rather than choosing the set of constraints
that is most internally consistent (which is not nec-
essarily indicative of accurate placement), the fossil
calibration strategy that has the highest overall likeli-
hood relative to the known fossil record can be chosen.
Second, this method allows for the use of fossils as
likelihood checkpoints that may not have a clear appli-
cation as fossil constraints for dating. For instance, the
origin of Lissamphibia in relation to the extinct Tem-
nospondyli and Lepospondyli is contentious (Zhang
et al. 2005; Marjanovic and Laurin 2007; Anderson
et al. 2008), possibly rendering the use of fossils such
as Doleserpeton and Gerobatrachus inappropriate for
calibrating divergences between extant lissamphibian
groups. However, the range from the oldest known
hypothetical lissamphibian ancestors (Temnospondyli,
ca. 355 Ma) to the putative stem batrachians Gerobatra-
chus (290 Ma; Anderson et al. 2008) provides a credible
interval within which possible root times for Lissam-
phibia may be assessed without enforcing a particular
phylogenetic hypothesis through the application of
fossil constraints.

The flexibility of this model also allows for the incor-
poration of broader fossil calibration information into
divergence time estimation without the need for full in-
tegration of that information into the primary analyses.
In some cases, such as the example presented below,
there may be enough well-supported fossil constraints
and bounded nodes that may reasonably be withheld
as checkpoints. If a set of calibrations yields accurate
dates for checkpoint nodes in the absence of any actual
constraints on those nodes, then the use of checkpoints
will allow for the assessment of the likelihood of age es-
timates with little compromise in variance of inferred
ages. In such a scenario, excluding some calibrations as
checkpoints increases in our confidence in the robust-
ness and validity of our calibration set and divergence
time estimates, with little apparent decrease in accuracy
or precision.

In many instances, the set of potential calibrations
may not be large or varied enough to allow for the com-
plete exclusion of some calibarations as checkpoints.
If this is the case, the most robust application of this
method, and the one potentially most likely to occur in
practice, is to withhold the most confident calibrations
as checkpoints to test the placement of other fossils and
the overall likelihood of the divergence time estimates
and then reemploy them as constraints in the final anal-
ysis. Such an approach may also avoid problems of
circularity in consistently relying on certain fossils as
checkpoints rather than as constraints and potential bias

arising from a preferential selection of fossil constraints
closer to checkpoints. The most robust fossil calibra-
tions are often constraints on the root of the tree; this is
also where the application of a checkpoint is likely to
be effective. Thus, researchers can easily test the place-
ment of internal (i.e., ingroup) fossil calibrations using
a root fossil as a checkpoint and then perform a final
analysis employing all constrains, including the root
fossil. Such an application of the method would provide
an objective parametric assessment of molecular diver-
gence time estimates, which should ultimately increase
accuracy and precision.

EMPIRICAL APPLICATION
Divergence Time Estimates for Gnathostome Vertebrates

To illustrate this method on a large phylogeny with
multiple potential fossil calibrations, I assembled a data
set of the major gnathostomatan lineages, building on
the RAG-1 data set of Hugall et al. (2007; hereafter
HEA) with additional taxon sampling in Tetrapoda
for more precise placement of fossil constraints. The
data set comprises 129 taxa and 2619 bp. For deep-time
likelihood assessment of alternate calibration topolo-
gies, two outgroups were added: a ray-finned fish
(Actinopterygii: Oncorhynchus mykiss) as the sister
group to Sarcopterygii and a cartilaginous fish (Chon-
drichthyes: Negaprion brevirostris) as the sister group
to Osteichthyes (Supplementary Appendix 1, available
from http:/ /www.sysbio.oxfordjournals.org/). The goal
was to compare two alternate sets of potential fossil
calibrations.

Fossil Calibration and Likelihood Checkpoints

I considered two alternative sets of fossil calibrations,
with a single constraint shared between the sets. The
four well-constrained points proposed by Miiller and
Reisz (2005; hereafter MAR) were tested against the five
constraints employed by HEA (Table 2). The point here
was not specifically to reanalyze the results of HEA. The
use of likelihood checkpoints supports fossil calibra-
tions other than the ones employed by HEA; however,
the results obtained with the more likely calibrations

TABLE2. Two alternative sets of fossil constraints for
Gnathostomata
Node Calibration age (Ma)

Five Constraints (HEA)

H1 Archosauromorpha 243-251
H2 Amniota 300.5-330.1
HB3 Eutheria 71.2-113
H4 Trionychoidea 99.6-112
H5 Heloderma—Elgaria 93.5-112
Four Constraints (MAR)

C1 Alligator—Caiman 6671

C2 Archosauromorpha 243-251

C3 Reptilia 252-257
C4 Sarcopterygii (Tetrapodomorpha) 408-419

Note: Constraints are labeled on Figure 1.
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are overall fairly consistent with those of HEA, with a
few notable exceptions (see below), whereas those ob-
tained using the constraints of HEA are considerably
older. This is likely due to differences between relaxed-
clock divergence dating in programs such as BEAST
versus the penalized likelihood (PL) approach used
by HEA, and their use of fixed node ages rather than
probabilistic ranges. Although it is possible to directly
compare divergence time estimates produced by any
method using this approach I wish to illustrate the more
direct application of choosing between different fossil
constraints in a single analytical framework. Thus, for
clarity, I have produced new analyses using the fossil
constraints from HEA and MAR, avoiding direct com-
parison to the actual results of HEA.

A primary point of interest in this analysis is the com-
parison of ranged calibrations on nodes early in the
tree, such as for Amniota. Although several authors
have raised potential concerns about the use of this con-
straint at approximately 315 Ma (e.g., Graur and Martin
2004; Reisz and Miiller 2004), it is still commonly em-
ployed in divergence time analyses of tetrapods (e.g.,
Zhang et al. 2005; Hugall et al. 2007). No direct tests
of the accuracy of this constraint have been performed
using alternative fossil calibrations in a quantitative
framework. The rest of the constraints employed by
HEA are fairly unambiguous and should have lit-
tle effect on divergence time estimates. Eight fossil
ranges were used as likelihood checkpoints on labeled
nodes (lognormal distribution unless otherwise stated;
Table 3; Fig. 1).

The program BEAST v1.4.6 (Drummond and Rambaut
2007) was used for divergence time estimation un-
der the uncorrelated lognormal relaxed-clock model
with a Yule process prior on speciation (Drummond
et al. 2006). A General Time Reversible model with
gamma-distributed rate heterogeneity and a proportion
of invariant sites (GTR + I' + I) partitioned by codon
position was used, as per HEA. Fossil calibrations were
enforced as lognormal priors on the time of the most
recent common ancestor of the taxa subtended by the
constraint. Analyses were run for 20 million genera-
tions, with the first 5 million discarded after calculating
burn-in. Convergence and chain length were assessed
by assuring that the estimated sample sizes for all pa-
rameters were greater than 200 (Drummond et al. 2006),
which occurred prior to 5 million generations in all
runs. Runs were replicated several times to ensure
that global stationarity had been reached and that

individual analyses were not merely converging on local
optima.

RESULTS

The topologies inferred from both analyses were
identical to each other and to the topology recovered
by HEA with respect to the relationships between the
major clades. The dates inferred from the analysis em-
ploying the five constraints of HEA are on average
significantly older than the those inferred using the four
constraints from MAR (Table 4). This effect becomes
more pronounced toward the root of the tree; the dif-
ference between the five constraint and four constraint
node ages is significantly positively correlated with
the age of the nodes (r* = 0.72, P < 0.00001). The re-
sults from the likelihood checkpoints (Table 5) indicate
a significantly better fit of the four constraint (MAR) cal-
ibration set (—InL = —72.64, AIC = 151.3) to the broader
fossil record than the five constraint (HEA) calibration
set (—InL = —328.99, AIC = 666.0).

In addition to demonstrating a new method for eval-
uating divergence time estimates and fossil calibration
placement, this study represents the first analysis of the
timing of the divergence of the major Gnathostomatan
lineages using relaxed-clock methods, which infer di-
vergence times directly from the sequence alignment
and generate error estimates automatically. The diver-
gence between the Osteichthyes and Chondrichthyes
lineages dates to 526 Ma, the Early/Middle Cambrian.
Despite the robustness of the calibration set, any con-
fidence placed in this date is tenuous at best. Early
vertebrate fossils such as the putative agnathans Haik-
ouichthys and Myllokunmingia are, however, known from
older Cambrian strata (Shu et al. 1999). The divergence
between Osteichthyes and Sarcopterygii dates to the
Middle/Late Ordovician boundary; fossils of the puta-
tive stem gnathostomatan lineage Thelodonti are known
from the same time period (Sansom et al. 1996). Re-
garding extant sarcopterygian clades of disputed age,
support is found for an older Lissamphibia, approxi-
mately 338 Ma, consistent with the results of Zhang et al.
(2005), but older than the dates suggested by Marjanovic
and Laurin (2007). Within the Lepidosauria, the diver-
gence between Rhynchocephalia and Squamata dates to
235 Ma, remarkably consistent with the oldest known
Rhynchocephalians (ca. 228 Ma; Benton 1990). The radi-
ation of Eutheria dates to 115 Ma, with stem eutherian

TABLE 3. Likelihood checkpoints for nodes based on credible age ranges from fossil bracketing

Node Lower bound Upper bound

Testudines 220 Ma (Odontochelys; Reisz and Head 2008) —

Gnathostomata 460.9 Ma (Thelodonti; Sansom et al., 1996) 530 Ma (Agnatha; Shu et al. 1999)

Lepidosauria 228 Ma (Brachyrhinodon; Benton 1990) —

Lissamphibia 290 Ma (Gerobatrachus; Anderson et al. 2008) 355 Ma (Temnospondylii; Marjanovic and Laurin 2007)
Mammalia 162.5 Ma (Donoghue and Benton 2007) 191.1 Ma (Donoghue and Benton 2007)

Serpentes 130 Ma (Lapparentophis; Rage 1987) —

Teleostomi 421.57 Ma (Actinopterygii; Mérss 2001) 460.9 Ma (Thelodonti; Sansom et al. 1996)

Tetrapoda 330.3 Ma (Donoghue and Benton 2007) 350.1 Ma (Donoghue and Benton 2007)

Note: Checkpoints without upper bounds used the exponential function (Equation 4).
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TABLE 4. Results and comparison of inferred ages (in Ma) for major gnathostomatan clades from the four and five constraint analyses,

respectively

Node Mean (4) LCI UCI Mean (5) LCI UCI
Amniota 317.90 281.33 356.80 324.39 311.01 339.26
Anura 242.69 204.30 280.78 296.85 233.37 352.35
Apoda 125.10 65.12 192.55 118.18 76.15 167.34
Archosauromorpha 243.31 240.22 246.42 246.37 242.38 250.22
Aves 112.40 67.36 155.65 110.67 72.54 148.74
Batrachia 305.70 264.30 345.43 369.32 302.41 433.53
Eutheria 116.61 78.33 149.30 104.96 86.51 125.76
Gnathostomata 522.86 427.77 645.66 655.74 478.94 819.58
Lepidosauria 235.60 211.89 252.92 265.00 239.89 289.73
Lissamphibia 338.15 301.48 372.03 407.02 333.72 478.26
Mammalia 230.95 180.15 299.61 234.01 183.20 280.23
Metatheria 81.20 40.30 127.09 97.85 57.91 132.02
Neoaves 48.02 27.58 71.10 50.29 32.20 64.93
Neognathae 77.09 48.35 107.12 80.84 49.69 106.25
Teleostomi 467.17 415.39 540.24 598.71 457.90 72741
Sarcopterygii 413.68 408.29 419.14 540.80 420.23 641.71
Squamata 188.84 162.88 213.31 207.73 178.65 234.12
Tetrapoda 364.10 329.96 391.18 434.38 357.62 504.29
Therians 189.96 141.70 252.89 193.24 134.75 239.80
Testudines 97.42 65.57 141.32 139.04 115.360 161.77
Testudines + Archosaurs 249.60 246.36 252.82 266.14 253.52 280.49
Urodela 217.80 171.10 259.74 239.00 176.35 295.06
Alligator / Caiman 67.84 65.20 70.27 11.58 4.29 20.03
Reptilia 256.00 253.68 258.30 288.98 272.26 306.67

Note: UCI and LCI represent the 95% highest posterior density of the posterior probability distribution of dates. LCI = lower credible interval;

UCI = upper credible interval.

fossils known from approximately 125 Ma (Ji et al.
2002). The contentious date of the Neoaves radiation
(Ericson et al. 2006, Brown et al. 2007; Ericson et al.
2007) is found to be well after the K-T boundary, ap-
proximately 49 Ma.

Based on the date for Testudines (97 Ma, 95% highest
posterior density = 65.571 — 141.32), support is found
for Joyce’s (2007) reclassification of fossil turtles, sug-
gesting a Late Jurassic or Cretaceous divergence of the
Pleurodira and Cryptodira. A Cretaceous origin of the
extant turtles is found here, indicating that fossil tur-
tle fauna such as Proganochelys and Condorchelys likely
represent stem lineages (Joyce 2007) rather than mem-
bers of the crown groups Cryptodira or Pleurodira.
This date is significantly younger than that recovered
by HEA (207 Ma). In addition to Testudines, the date
recovered for Crocodylia (76 Ma; Fig. 1) is the second
major clade for which divergence times differ signifi-
cantly between the four constraint data set (MAR) and
the results of HEA, who recovered a date of 33 Ma for
the extant crocodylians. The fossil record of putative
stem crocodylians extends to the Triassic (Nesbitt 2007),
with Cretaceous taxa such as Albertochampsa allied to

the modern alligatorids (Brochu 1999; Miiller and Reisz
2005). Using the Cretaceous taxa as constraints for the
extant alligatorids (Miiller and Reisz 2005) suggests a
Mesozoic rather than a Cenozoic origin of the extant
crocodylians.

The inferred ages for the major clades within Sar-
copterygii using the preferred four constraint topol-
ogy (MAR) are broadly consistent with those found
by HEA, with the notable exception of Testudines and
Crocodylia, whereas the BEAST analyses using the five
constraints of HEA are considerably older. As men-
tioned, this is likely due to differences in method-
ologies (i.e., the use of ranged calibrations in BEAST
vs. fixed node ages using PL), illustrating the impor-
tance of considering fossil choice, calibration place-
ment, and error estimation when inferring divergence
times. The simultaneous inference of phylogeny and
divergence times in BEAST allows for the incorpo-
ration of error in the former into the estimation of
the latter, providing built-in CIs for inferred dates,
although methods for error estimation for PL diver-
gence dates are also available (Burbrink and Pyron
2008).

TABLE 5. Parameter and likelihood values for checkpoints used to assess fossil calibrations

Node Type Mean (SD) Age (4) —In(4) Age (5) —In(5)

Gnathostomata Lognormal 6.203 (0.036) 522.86 -5.09 655.75 —35.55
Teleostomi Lognormal 6.089 (0.023) 467.17 —6.54 598.71 —94.81
Tetrapoda Lognormal 5.829 (0.015) 364.10 —13.25 434.73 —140.80
Lissamphibia Lognormal 5.771 (0.052) 338.15 —4.30 407.02 —14.59
Lepidosauria Exponential 228 Ma (—) 235.60 —6.46 264.98 —6.59
Testudines Exponential 220 Ma (—) 245.60 —6.51 266.14 —6.60
Mammalia Lognormal 5.172 (0.041) 230.95 —24.56 234.01 —26.71
Serpentes Exponential 130 Ma (—) 137.12 —5.92 154.67 —6.06

Note: Mean and SD refer to the parameters of the checkpoint probability distribution, calculated from Table 3. Age (4) and (5) refer to the
inferred ages of the labeled nodes using the 4 MAR and 5 HEA constraints, respectively. SD = standard deviation.
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DISCUSSION

With this method, the likelihood of multiple alter-
native placements of multiple fossil constraints (e.g.,
stem vs. crown placements; Magalléon and Sanderson
2001; Rutschmann et al. 2007) can be assessed using
estimated dates for nodes in the Tree of Life (N;) for
which justifiable age bracketing is available from the
fossil record. This provides a clear advantage over in-
ternal fossil cross-validation methods or ultrametric
assessments (e.g., Near et al. 2005; Marshall 2008), in
that the use of additional, putatively objective informa-
tion from the fossil record allows for the comparison of
divergence time estimates for researchers in any field.
The success of such an approach hinges on the con-
sistency and accuracy of the placement and dating of
the checkpoints; such calibration references will require
extensive validation via the use of existing methods
of cross-validation, phylogenetic analysis of morpho-
logical data from the fossils themselves, and the in-
tegration of new information discovered in the fossil
record.

Likelihood checkpoints may be thought of as an ex-
tension of the idea of stratigraphic consistency and
congruence (e.g., Huelsenbeck 1994; Benton et al. 1999),
in that we are using the fossil record in an attempt to
objectively assess the quality of a phylogenetic estimate.
However, in this case, we are concerned with inferred
divergence times rather than branching order (e.g., Wills
et al. 2008). No single criterion exists for determining
what fossils to use as checkpoints (or constraints, for
that matter), although this is a problem shared by any
investigation into the paleontological record (see Paul
and Donovan 1998). In general, the oldest known fos-
sil of a group will provide at least a single exponential
checkpoint, and a number of reliably bracketed nodes
are given at http:/ /www.fossilrecord.net. Taking mam-
mals as an example, a study concerned with dating
divergences within Rodentia may use a checkpoint on
the root of the tree to assess divergence times in the
ingroup. Such a checkpoint on the origin of the rodents
would also be helpful for researchers studying other
mammalian groups with rodents as an outgroup. For
groups with a less detailed fossil record, the distinction
may be somewhat muddled; in such cases, it may be
desirable to report the likelihood of dates using some
fossils as checkpoints as well as the dates estimated
using all available fossils as constraints.

These results also indicate two important points re-
garding the general use of fossil constraints in diver-
gence time estimation. First, the use of multiple ranged
calibrations is preferable to the use of broad minimum
ages with few or no fixed constraints, as the latter is of-
ten seen to be responsible for the inference of excessively
old dates (Hugall et al. 2007). Second, the use of credible
constraints near the base of the tree provides a more ro-
bust calibration of the entire tree than the use of calibra-
tions only of nodes near the terminals. This is illustrated
by the comparison between the results from the four
versus five constraint analyses, where the discrepancy

between terminal nodes is minimal, but increases sig-
nificantly toward the root (Table 4). The unconstrained
root nodes in the five constraint analysis were inferred
to be significantly older, likely due to the lack of cali-
bration information from the distant terminal fossil con-
straints. This also indicates that the use of the common
315 Ma constraint of the Amniota is not supported by
the broader fossil record, particularly when used as a
primary constraint without additional calibration on the
root of the tetrapods.

A fundamental question that must be asked in stud-
ies which estimate divergence times, and one which
this study provides a preliminary framework for an-
swering, is “are these node ages reasonable (i.e., not too
old or too young)?” If one study suggests that the di-
vergence between Chordata and Arthropoda occurred
approximately 1200 Ma (Wray et al. 1996), and another
study suggests an age of 627 Ma for that split (Lynch
1999), while neither may be 100% “correct,” one must
be closer to the truth than the other. The only objective
information we have for assessing the validity of esti-
mated divergence times is the fossil record. Although
phylogenetic dating analyses are typically based on
some paleontological information in the form of the
fossil constraints, a greater synthesis of molecular and
fossil data is needed for the accurate reconstruction of
the evolutionary history of life. Additional future possi-
bilities include the generation of phylogenies including
fossil taxa using combined morphological and molecu-
lar data sets (e.g., Wiens 2009) and statistical models that
can accommodate those taxa and date information for
inferring node ages. This method provides one avenue
for such a synthesis, allowing the assessment of how
dates for one group fit in with those for other groups
and the broader fossil record.

As has been illustrated, estimated divergence times
imply something about the evolutionary timescale of
all living things. The oldest known fossils of major
sarcopterygian clades (Table 1) give a paleontological
framework for the timing of the development of major
vertebrate groups. This can be used as a rough met-
ric for evaluating the temporal implications of inferred
dates relative to their broader context in the Tree of
Life. The placement of fossil constraints cannot be taken
for granted; thorough studies of molecular divergence
dating must take into account the variability in the cal-
ibrations as well as variability in the underlying molec-
ular data. The use of calibrations on specific nodes,
without consideration of the possible variability in the
phylogenetic location of those fossils, may be a primary
cause of inaccurate divergence time estimates. The use
of likelihood checkpoints provides a method for broad
unification of fossil and molecular data for inferring the
timescale of the evolutionary history of life.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http:/ /www
.sysbio.oxfordjournals.org/.

2102 ‘8T [Hdy Uo o[[oInjeN SII0ISIH,P [RUONEN WN,SNIA] Np d[enua)) anbyiorqrg e /310" seuinolpiojxo-oiqsAs;/:diy woijy papeofumo(y


http://sysbio.oxfordjournals.org/

2010 PYRON—ASSESSING FOSSIL CONSTRAINTS 193

FUNDING

This work was funded by a National Science Foun-
dation grant (DBI-0905765 ) issued to R.A.P. and by the
Graduate School and University Center and the College
of Staten Island, both of the City University of New
York.

ACKNOWLEDGEMENTS

I would like to thank F. T. Burbrink, T. J. Guiher,
and D. B. Shepard for reviewing early drafts of this
manuscript; A. E Hugall for providing results from
Hugall et al. (2007); and J. M. Sullivan, K. R. Zamudio,
and two anonymous reviewers for comments that sub-
stantially improved the manuscript.

REFERENCES

Akaike H. 1974. A new look at the statistical model identification. IEEE
Trans. Automat. Contr. 19:716-723.

Alvarenga HM.F. 1983. Uma ave ratita do paleoceno brasilero: bacia
calcaria de Itaboral, estado do Rio de Janeiro, Brasil. Bol. Mus. Nac.
do Rio de Janeiro N. S. Geologia. 41:1-11.

Anderson S.J., Reisz R.R., Scott D., Frobisch N.B., Sumida S.S. 2008. A
stem batrachian from the Early Permian of Texas and the origin of
frogs and salamanders. Nature. 453:515-518.

Archer M., Flannery TF, Ritchie A., Molnar R.E. 1985. First
Mesozoic mammal from Australian early Cretaceous monotreme.
Nature. 318:363-366.

Benton M.J. 1990. Phylogeny of the major tetrapod groups: morpho-
logical data and divergence dates. . Mol. Evol. 30:409-424.

Benton M.J., Ayala EJ. 2003. Dating the tree of life. Science. 300:
1698-1700.

Benton M.J., Donoghue P.C.J. 2007. Paleontological evidence to date
the tree of life. Mol. Biol. Evol. 24:26-53.

Benton M.J., Hitchin R., Wills M.A. 1999. Assessing congruence
between cladistic and stratigraphic data. Syst. Biol. 48:581-596.

Berman D.S., Reisz R.R.,, Scott D., Henrici A.C., Sumida S.S.,
Martens T. 2000. Early Permian bipedal reptile. Science.
290:969.

Britten R.J. 1986. Rates of DNA sequence evolution differ between tax-
onomic groups. Science. 231:1393-1398.

Brochu C.A. 1999. Phylogeny, systematics, and historical biogeogra-
phy of Alligatoroidea. Soc. Vertebr. Paleontol. Mem. 6:9-100.

Brown ].W,, Payne R.B., Mindell D.P. 2007. Nuclear DNA does not rec-
oncile ‘rocks” and “clocks” in Neoaves: a comment on Ericson et al.
Biol. Lett. 3:257-259.

Burbrink ET., Pyron R.A. 2008. The taming of the skew: estimat-
ing proper confidence intervals for divergence dates. Syst. Biol. 57:
317-328.

Datta PM. Ray S. 2006. Earliest lizard from the Late Triassic (Carnian)
of India. J. Vertebr. Paleontol. 26:795-800.

Dawson J.W. 1863. Notice of a new species of Dendrerpeton, and of the
dermal covering of certain carboniferous reptiles. Q. J. Geol. Soc.
Lond. 19:469-473.

Donoghue P.CJ., Benton M.J. 2007. Rocks and clocks: calibrating
the tree of life using fossils and molecules. Trends Ecol. Evol.
22:424-431.

Drummond A.J., Ho S.Y.W., Phillips M.J., Rambaut A. 2006. Relaxed
phylogenetics and dating with confidence. PLoS Biol. 4:1-12.

Drummond A.J., Rambaut A. 2007. BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evol. Biol. 7:214.

Edwards A.W.E. 1992. Likelihood. 2nd ed. Baltimore (MD): Johns Hop-
kins University Press.

Ericson P.G.P,, Anderson C.L., Britton T., Elzanowski A., Johansson
U.S., Kallersjo M., Ohlson J.I,, Parsons T.J., Zuccon D., Mayr G. 2006.
Diversification of Neoaves: integration of molecular sequence data
and fossils. Biol. Lett. 2:543-547.

Ericson P.G.P., Anderson C.L., Mayr G. 2007. Hangin’ on to our rocks
‘n clocks: a reply to Brown et al. Biol. Lett. 3:260-261.

Evans S.E., Milner A.R., Mussett F. 1990. A discoglossid frog from the
Middle Jurassic of England. Palaeontology. 33:299-311.

Evans S.E., Prasad G.V.R., Manhas B.K. 2002. Fossil lizards from the
Jurassic Kota formation of India. J. Vertebr. Paleontol. 22:299-312.

Felsenstein J. 1981. Evolutionary trees from DNA sequences: a maxi-
mum likelihood approach. J. Mol. Evol. 17:368-376.

Graur D., Martin W. 2004. Reading the entrails of chickens: molecular
timescales of evolution and the illusion of precision. Trends Genet.
20:80-86.

Hoffstetter R. 1959. Un serpent terrestre dans le Cretace inferieur du
Sahara. Bull. Soc. Geol. Fr. 1:897-902.

Huelsenbeck J.P. 1994. Comparing the stratigraphic record to estimates
of phylogeny. Paleobiology. 20:470-483.

Huene F. 1910. Uber einen echten Rhynchocephalen aus der Trias von
Elgin, Brachyrhinodon taylori. Neues Jahrb. Mineral. Geol. Palaontol.
2:29.

Hugall AF, Foster R., Lee M.S.Y. 2007. Calibration choice, rate
smoothing, and the pattern of tetrapod diversification according to
the long nuclear gene RAG-1. Syst. Biol. 56:543-563.

Hugall AF, Lee M.S.Y. 2004. Molecular claims of Gondwanan age
for Australian agamid lizards are untenable. Mol. Biol. Evol.
21:2102-2110.

Ivakhnenko M.E. 1978. Caudates from the Triassic and Jurassic of Mid-
dle Asia. Paleontol. Zh. 3:84-89.

Jenkins F.A., Walsh D.M. 1993. An Early Jurassic caecilian with limbs.
Nature. 365:246-250.

JiQ., Luo Z.X,, Yuan C.-X., Wible ].R., Zhang ].P., Georgi J.A. 2002. The
earliest known eutherian mammal. Nature. 416:816-822.

Johanson Z., Long J.A., Talent J.A., Janvier P., Warren J.W. 2006. Old-
est coelacanth, from the Early Devonian of Australia. Biol. Lett.
2:443-446.

Joyce W.G. 2007. Phylogenetic relationships of Mesozoic turtles. Bull.
Peabody Mus. Nat. Hist. 48:3-102.

Kitazoe Y., Kishino H., Waddell PJ., Nakajima N., Okabayashi
T., Watabe T., Okuhara Y. 2007. Robust time estimation recon-
ciles views of the antiquity of placental mammals. PLoS One.
2:e384.

Lambrecht K. 1929. Neogaeornis wetzeli n. g. n. sp., der er-
ste Kreidevogel der suedlichen hemisphaere. Palaeontol. Z.
11:121-129.

Luo Z.-X., Crompton A.W., Sun A.-L. 2001. A new mammaliaform
from the Early Jurassic and evolution of mammalian characteris-
tics. Science. 292:1535-1546.

Luo Z-X,, Ji Q., Qiang W., John R., Yuan C.-X. 2002. An Early Cre-
taceous tribosphenic mammal and metatherian evolution. Science.
302:1934-1940.

Lynch M. 1999. The age and relationships of the major animal phyla.
Evolution. 53:319-325.

Magallén S., Sanderson M.J. 2001. Absolute diversification rates in an-
giosperm clades. Evolution. 55:1762-1780.

Marjanovic D., Laurin M. 2007. Fossils, molecules, divergence times,
and the origin of lissamphibians. Syst. Biol. 56:369-388.

Marshall C.R. 2008. A simple method for bracketing absolute diver-
gence times on molecular phylogenies using multiple fossil calibra-
tion points. Am. Nat. 171:726-742.

Miiller J., Reisz R.R. 2005. Four well-constrained calibration points
from the vertebrate fossil record for molecular clock estimates.
BioEssays. 27:1069-1075.

Near TJ., Meylan P.A., Shaffer H.B. 2005. Assessing concordance of
fossil calibration points in molecular clock studies: an example
using turtles. Am. Nat. 165:137-146.

Near TJ., Sanderson M.]J. 2004. Assessing the quality of molecular
divergence time estimates by fossil calibrations and fossil-based
model selection. Philos. Trans. R. Soc. B. 359:1477-1483.

Nesbitt S. 2007. The anatomy of Effigia okeeffeae (Archosauria, Suchia),
theropod-like convergence, and the distribution of related taxa.
Bull. Am. Mus. Nat. Hist. 302:1-84.

Paul C.R.C., Donovan S.K. 1998. An overview of the completeness of
the fossil record. In: Paul C.R.C., Donovan S.K., editors. The ade-
quacy of the fossil record. New York: John Wiley. p. 111-131.

Rage J.C. 1987. Fossil history. In: Siegel R.A., Collins J.T., Novak
S.S., editors. Snakes: ecology and evolutionary biology. New York:
MacMillan. p. 49-76.

2102 ‘8T [Hdy Uo o[[oInjeN SII0ISIH,P [RUONEN WN,SNIA] Np d[enua)) anbyiorqrg e /310" seuinolpiojxo-oiqsAs;/:diy woijy papeofumo(y


http://sysbio.oxfordjournals.org/

194 SYSTEMATIC BIOLOGY

VOL. 59

Rage J.C., Rocek Z. 1989. Redescription of Triadobatrachus massinoti
(Piveteau, 1936) an anuran amphibian from the early Triassic.
Palaeontogr. Abt. A. 206:1-16.

Reisz R.R. Miiller M. 2004. Molecular timescales and the fossil record:
a paleontological perspective. Trends Genet. 20:237-241.

Reisz R.R., Head ].J. 2008. Turtle origins out to sea. Nature. 456:
450-451.

Renner S.S. 2005. Relaxed molecular clocks for dating historical plant
dispersal events. Trends Plant Sci. 10:550-558.

Rutschmann F., Eriksson T., Salim K.A., Conti E. 2007. Assessing cal-
ibration uncertainty in molecular dating: the assignment of fossils
to alternative calibration points. Syst. Biol. 56:591-608.

Sanderson M.J. 2002. Estimating absolute rates of molecular evolution
and divergence times: a penalized likelihood approach. Mol. Biol.
Evol. 19:101-109.

Sansom LJ., Smith M.P,, Smith M.M. 1996. Scales of thelodont and
shark-like fishes from the Ordovician. Nature. 379:628-630.

Shu D.-G., Luo H.-L., Morris S.C., Zhang X.-L., Hu S.-X., Chen L.,
Han]J., Zhu M., Li Y., Chen L.-Z. 1999. Lower Cambrian vertebrates
from South China. Nature. 402:42-46.

Tchernov E., Rieppel O., Zaher H., Polcyn M.]., Jacobs L.L. 2000. A
fossil snake with limbs. Science. 287:2010-2012.

Thorne J.L., Kishino H., Painter LS. 1998. Estimating the rate of
evolution of the rate of molecular evolution. Mol. Biol. Evol. 15:
1647-1657.

van Tuinen M., Hedges S.B. 2004. The effect of external and internal
fossil calibrations on the avian evolutionary timescale. J. Paleontol.
78:45-50.

Von Meyer H. 1861. Archaeopteryx lithographica (Vogel-Feder) und
Pterodactylus von Solenhofen. Neues Jahrb. Mineral. Geognosie
Geol. Petrefakten-Kunde. 1861:678-679.

Wang D.Y., Kumar S., Hedges S.B. 1999. Divergence time estimates for
the early history of animal phyla and the origin of plants, animals
and fungi. Proc. R. Soc. Lond. B 266:163-171.

Wiens ].J. 2009. Paleontology, phylogenomics, and combined-data
phylogenetics: can molecular data improve phylogeny estimation
for fossil taxa? Syst. Biol. 58:87-99.

Wills M.A., Barrett PM., Heathcote J.F. 2008. The modified gap excess
ratio (GER*) and the stratigraphic congruence of dinosaur phyloge-
nies. Syst. Biol. 57:891-904.

Wray G.A, Levinton ].S, Shapiro L.H 1996. Molecular evidence for
deep Precambrian divergences among metazoan phyla. Science.
274:568-573.

Wu CI, Li WH. 1985. Evidence for higher rates of nucleotide sub-
stitution in rodents than in man. Proc. Natl. Acad. Sci. USA. 82:
1741-1745.

Yang Z., Rannala B. 2006. Bayesian estimation of species divergence
times under a molecular clock using multiple fossil calibrations
with soft bounds. Mol. Biol. Evol. 23:212-226.

Zhang P., Papenfuss T.J.,, Wake M.H., Qu L., Wake D.B. 2008. Phy-
logeny and biogeography of the family Salamandridae (Amphibia:
Caudata) inferred from complete mitochondrial genomes. Mol.
Phylogent. Evol. 49:586-597.

Zhang P., Zhou H., Chen Y.-Q., Liu Y.-F,, Qu L.-H. 2005. Mitogenomic
perspectives on the origin and phylogeny of living amphibians.
Syst. Biol. 54:391-400.

Zhu M., Yu X.-B. 2002. A primitive fish close to the common ancestor
of tetrapods and lungfish. Nature. 418:767-770.

Zuckerkandl E., Pauling L. 1962. Molecular disease, evolution, and
genetic heterogeneity. In: Kasha M., Pullman B., editors. Horizons
in biochemistry. New York: Academic Press. p. 189-225.

2102 ‘8T [Hdy Uo o[[oInjeN SII0ISIH,P [RUONEN WN,SNIA] Np d[enua)) anbyiorqrg e /310" seuinolpiojxo-oiqsAs;/:diy woijy papeofumo(y


http://sysbio.oxfordjournals.org/

