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An overview of the methods is provided as a flowchart in Fig. S1.

Morphological Dataset. The matrix published by Haas (1) includes
136 larval characters for 81 ingroup taxa representing the major
anuran lineages and covering a broad morphological and ecolog-
ical diversity (Fig. S1, 1). Our analyses are restricted to free-living
tadpoles, and it is likely that some taxa not included here might
occupy additional regions of morphospace (direct developing taxa
in particular). However, it is improbable that their addition would
drastically alter our conclusions about patterns and rates of evo-
lution across subsequent radiations. Four salamanders were added
as an outgroup, two of which (Pleurodeles waltl and Lissotriton al-
pestris) showed identical states for all characters. We excluded five
characters, because they were either continuous [characters 12, 83,
116, and 117 by Haas (1)] or ontogenetically ambiguous (character
102). The remaining 131 characters cover major tissue types and
body parts. We defined the following characters subsets to in-
vestigate patterns of evolutionary rates and homoplasy (numbers
corresponding to ref. 1):

Characters defining the tadpole morphotypes by Orton (1–5):
3, 4, 6–8, 16–18, 28, 71, 74, 84, 92, 124, 128–130, 132, and 136.

Connective tissue characters: 66–82, 84–92, 94–101, 103–115,
118–120, 122, 123, and 125–127.

Epithelial tissue characters: 1–9, 13–18, 121, 124, 128–131, and
133–136.

Muscular tissue characters: 19–62.
Axial characters: 14, 15, 99, 100, 101, 121, 132, and 133.
Branchial characters: 19–22, 24–41, 103–115, 118–120, and
134–136.

Cranial characters: 11, 42–47, 52–82, 96–98, 122, and 131.
Opercular characters: 16–18, 23, 123, and 124.
Oral/jaw characters: 3–10, 48–51, 84–95, and 125–130.

Construction of a Molecular Scaffold Tree. To obtain a robust
phylogenetic scaffold tree that overlapped maximally in taxon
sampling with the morphological dataset (Fig. S1, 2 and 3), we
used a four-step approach.

i) We retrieved GenBank sequence data for 164 amphibian
species that were identical or presumed to be closely related
(mostly congeneric and sometimes confamilial) to those in
the morphological dataset, were useful in breaking up long
branches in the anuran tree (Caudiverbera, Leiopelma, and
Myobatrachus), or assisted in rooting the tree (the caecilians
Hypogeophis, Ichthyophis, and Rhinatrema) (Dataset S1). Ob-
tained sequences encompassed amitochondrial segment span-
ning 12S rRNA (partially), tRNAVal, 16S rRNA, tRNALeu,
andND-1 (partially) and 12nuclear gene fragments (BDNF,
c-Myc, CXCR-4, Histone H3a, Ncx-1, POMCA, RAG-1,
RAG-2, Rhodopsin, SIA, Slc8a-3, and Tyrosinase). Align-
ments for all fragments were created with ClustalX 1.81 (6)
and concatenated to obtain a single multigene matrix. Am-
biguously aligned positions in the periphery of indels were
excluded from further analysis, which resulted in a matrix of
11,204 bp.

ii) The 164-taxon dataset was submitted to 500 replicates of
rapid bootstrapping (RBS) (7) under the likelihood crite-
rion using RAxML 7.0.4 (8) to ensure close relationships
between congeneric and confamilial species. High RBS
values (>75%) confirmed this in all cases (Fig. S2) except
for Nyctimystes, where N. dayi was found to be more closely

related to Australian Litoria species than to Papuan Nycti-
mystes species. Complementary sequences of confirmed
closely related species were combined into single chimeric
taxa to maximize the amount of aligned positions per
taxon. This resulted in a matrix of 84 chimeric taxa, in-
cluding 78 anurans (75 taxa for which morphological data
are available and 3 taxa that assist in breaking up long
branches), 3 caudates, and 3 caecilians (Dataset S1).

iii) The 84-taxon dataset was used to assess anuran clade support
by 1,000 replicates of standard bootstrapping (SBS) using
RaxML and by Bayesian posterior probabilities (BPP) using
MrBayes 3.2.1 (9). Both methods implemented a mixed gen-
eral time-reversible model (GTR + G + I) partitioned over
the different gene fragments (12SrRNA, 16SrRNA, and two
tRNA genes were treated as a single noncoding partition sub-
set). The SBS analyses were performed with empirical base
frequencies; remainingmodel parameters were optimized per
partition subset. The Bayesian analyses implemented flat di-
richlet priors for base frequencies and substitution rate matri-
ces and uniform priors for among-site rate parameters. Two
parallel Markov chain Monte Carlo (MCMC) runs of four
incrementally heated (temperature parameter = 0.2) chains
were performed, with a length of 10,000,000 generations,
a sampling frequency of 1 per 2,000 generations, and a burn-
in corresponding to the first 2,000,000 generations. Conver-
gence of the parallel runs was confirmed by split frequency
SDs (<0.01) and potential scale reduction factors (∼1.0) for
all model parameters, as reported byMrBayes. Adequate pos-
terior samplingwas checked by verifyingwith Tracer 1.4 (10) if
the runs had reached effective sampling sizes >200 for all
model parameters.

iv) The scaffold tree was built by incorporating nodes that
received high statistical support by our clade support anal-
yses (SBS > 75% and/or BPP > 0.95) and received high
support or were consistently recovered in previously pub-
lished studies (Fig. S3) (11–43). As a consequence, the
resulting scaffold tree is highly consistent with most mo-
lecular phylogenetic analyses conducted so far.

Morphological Analyses. Phylogeny inference. The molecular scaffold
tree was used to constrain heuristic maximumparsimony (MP) and
Bayesian analyses of the morphological dataset performed with
PAUP* 4.0b10 (44) andMrBayes, respectively (Fig. S1, 4). Similar
strategies of analyzing morphological data with topological con-
straints derived from molecular data have been used before (45,
46). Heuristic MP searches involved 1,000 replicates of random
taxon addition, tree bissecton-reconnection (TBR) branch swap-
ping, and Multrees option switched off to allow efficient explora-
tion of multiple tree islands. The MP trees retained from multiple
islands were subsequently used as starting trees for additional
rounds of TBR branch swapping with the Multrees option acti-
vated to explore individual islands more thoroughly. All characters
were equally weighted, multistate character scores were treated as
polymorphisms, and 13 characters were treated as ordered (using
ref. 1). Themolecular scaffold treewas implemented as a backbone
constraint, leaving the freedom for full optimization of the phylo-
genetic position of the six taxa that were represented in the mor-
phological dataset but not in the scaffold tree (Bombina maxima,
Bufo brongersmai, L. inermis, L. rheocola, Peltophryne peltocephala,
and Phyllomedusa distincta). The analyses yielded 1,760 equally
parsimonious MP trees (tree length = 652; consistency index =
0.2914; retention index = 0.7240), which, because of the imposed
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constraints, differed mainly in the basal nodes within the micro-
hylid and nobleobatrachian radiations.
Precompiled versions of MrBayes 3.1.2 allow a default maxi-

mum of 30 nodal constraints, and therefore, to incorporate the
entire molecular scaffold, the source code of MrBayes had to be
modified and recompiled. Because MrBayes does not allow the
implementation of backbone constraints, we excluded the six taxa
absent in the scaffold tree. We applied an Mk1 model of discrete
character change (47) with default prior settings for all param-
eters and γ-correction for rate heterogeneity among characters
(i.e., a Mk1 + G model). Comparison of likelihood scores of
posteriorly sampled trees obtained under this model indicated
a much better fit to the data than a plain Mk1 model (analogy
with most molecular datasets, where correction of rate hetero-
geneity represents a dramatic model improvement) (48). The
MCMC chains were run for 5 million generations, with a sam-
pling frequency of 1 per 1,000 and a burn-in corresponding to the
first 1 million generations. All other settings, as well as evalua-
tion of sampling convergence and adequacy, were identical to
those of the molecular analyses.
Alternative phylogenetic positions of Scaphiophrynewith respect

to other microhylids were evaluated using a Shimodaira and Ha-
segawa (SH) nonparametric likelihood ratio test (49). Two alter-
native trees, incorporating the basal divergence between
Scaphiophryne and the remaining Microhylidae and between Sca-
phiophryne and Paradoxophyla and the remaining Microhylidae,
respectively, were estimated by constrained maximum likelihood
(ML) searches under a GTR + G + I model (−lnL = 174,224.89
and −lnL = 174,187.36, respectively) and compared with the un-
constrained ML tree (−lnL = 174,174.23) using the SH test im-
plemented in PAUP*.
Posttree analyses. Five MP trees were randomly selected for the
parsimony-based estimation of (i) ancestral character states for all
internal nodes for subsequent morphospace reconstructions, (ii)
branch-specific amounts of change (morphological branch lengths)
for the subsequent inferenceof ratepatterns, and (iii) branch-specific
apomorphies and their character- and state-specific amounts of
change for the subsequent inference of homoplasy patterns per ra-
diation (Fig. S1, 5).
All these analyses were performed using both delayed and

accelerated transformation (DELTRAN and ACCTRAN, re-
spectively). Posttree analysis of the Bayesian posterior tree set was
limited to the use of the reconstructed branch lengths for the
inference of rate patterns. Because results using different trees
and optimization methods were very similar, we concentrated
additional analyses (morphospace construction, time plots, and
rate and homoplasy patterns) on the first selected MP tree using
DELTRAN optimization. We also used this tree to infer cor-
responding divergence time estimates and branch durations.

Divergence Times and Branch Durations. To obtain a temporal
frameworkforanuranlarvalevolutionandestimatedbranchdurations
for the inference of evolutionary rates, a phylogenetic timescale was
required that included divergences among all taxa represented in our
morphological analyses (Fig. S1, 6). We estimated divergence times
using two fundamentally different Bayesian relaxed clock methods
adapted to multigene datasets implemented in MultiDivtime (50)
(available at http://statgen.ncsu.edu/thorne/multidivtime.html) and
BEAST 1.4.8 (51). The former method models mutational rate var-
iation across the tree under the assumption of autocorrelation across
adjacent branches; the latter samples branch-specific rates from an
estimated frequency distribution independent of rate autocorrela-
tion. Homologous sequences of four teleost fishes (Crassius auratus,
Danio rerio, Oncorhynchus mykiss, and Oryzias latipes) were added
to root the tree for the MultiDivtime analyses, and three amniotes
(Homo sapiens, Mus musculus, and Gallus gallus) were added to
provide additional calibration points for bothmethods.We excluded
the mitochondrial genes, because their very high substitution rates

(especially in neobatrachians) (18, 28) posed a risk of mutational
saturation, biased branch length estimates, and overestimated di-
vergence times (21). Three nuclear gene fragments (BDNF, c-Myc,
and POMCA) were also excluded, because their sampling was con-
centrated on single anuran clades and they lacked a good coverage of
other major lineages. The nine remaining nuclear gene fragments
constituted 6,683 bp.
We calibrated the amniote divergences using time intervals

suggested by Benton andDonoghue (52): 330.4–312.3Mya for the
split between diaspid and synapsid amniotes (Gallus vs. Homo)
and 100.5–65.5 Mya for the split between primates and rodents
(Homo vs.Mus). Based on a time-calibrated supertree analysis of
the lissamphibian fossil record, Marjanovic and Laurin (53) pro-
posed maximum and minimum time constraints for the crown
origins of Batrachia (the last common ancestor of frogs and sal-
amanders; 275–250Mya), Caudata (170–155Mya), Bombinanura
(last common ancestor of Costata and other living anurans; 185–
170 Mya), and Xenoanura (last common ancestor of Rhino-
phrynidae and Pipidae; 175–155 Mya). However, the high in-
cidence of ghost lineages within both Anura and Caudata (53)
casts doubt on the applicability of the suggested maxima as hard
constraints (i.e., eliminating the possibility that the divergence are
older than the suggested maximum) (54). Instead, soft maximum
time constraints can be used to specify a low prior probability (but
not the impossibility) that a divergence is older than a certain age.
Because MultiDivtime only accommodates the use of hard con-
straints, we ran the program using only minimum time constraints
suggested by Marjanovic and Laurin (53) [i.e., >250 Mya for Ba-
trachia (based on the Early Triassic fossil Triadobatrachus massi-
noti) (55), >155 Mya for Caudata (based on the Late Jurassic
fossil Iridotriton hechti) (56), >170 Mya for Bombinanura (based
on the Middle Jurassic Eodiscoglossus oxoniensis) (57), and >155
Mya for Xenoanura (based on the Late Jurassic Rhadinosteus
parvus) (58)]. Instead, BEAST allows the implementation of soft
time constraints in the form of prior probability distributions for
divergence times. We designed a lognormal prior distribution for
each of the four divergences such that (i) its zero offset corre-
sponds to the suggestedminimum (defining it as a hard constraint),
(ii) its 95 percentile corresponds to the suggested maximum (a soft
constraint specifying a prior probability of 0.05 that the node is
older), and (iii) its median corresponds to the mean of the hard
minimum and soft maximum. Even when they are implemented as
soft constraints, the conservative maxima proposed by Marjanovic
and Laurin (53) pose the risk of underestimating divergence times.
Especially if the molecular data add little information to the
Bayesian analyses, the posterior distributions of divergence times
will depend almost entirely on the specified priors. The time esti-
mates obtained by BEAST for the batrachian and basal anuran
divergences, however, are fairly comparable with those of Multi-
divtime (Table S1) and previous molecular studies (27, 29, 42),
indicating that implementation of the soft maxima had little effect
on the posterior distributions estimated by BEAST.
Five additional hard minima were applied in both the Multi-

Divtime and BEAST analyses based on biogeographic arguments:
(i) >82 Mya for the split between the north American Ascaphus
and the New Zealand Leiopelma based on geological estimates for
the isolation of New Zealand from Antarctica (59); (ii) >86 Mya
for the split between the south American Pipa and the African
Xenopus based on the youngest age estimates for the separation of
both continents (60); (iii) >65.5 Mya for the split between the
Madagascan Dyscophus and Indian/Asian Microhylidae (Dysco-
phus vs. Kaloula) corresponding to the Late Cretaceous separation
of Madagascar and the Indian subcontinent but incorporating the
possibility of intervening land bridges or archipelagoes until the
end of the Cretaceous (61–63); (iv) >35 Mya for the split between
Australian Pelodryadinae and South American Phyllomedusinae
(Litoria andNyctimystes vs. Phyllomedusa andAgalychnis) based on
geological estimates for the final separation of Australia from
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Antarctica; and (v) >15.97 Mya for the divergence between North
American andEurasianHyla (H. cinerea vs.H. annectans) based on
the oldest fossils in Europe of Burdigalian (Early Miocene) age
(64). The use of paleobiogeographic time constraints based on
plate tectonics has recently been criticized (12) based on reports of
overseas dispersal in amphibians (65–71). However, without any
exception, these reports represent relatively short-distance dis-
persal events, and convincing evidence for long-distance oceanic
dispersal (between continents) in amphibians has not yet been
found. We, therefore, argue that long-distance oceanic dispersal is
not impossible but at least highly improbable in amphibians, and
we prefer to incorporate this improbability by adding paleogeo-
graphic time constraints.
MultiDivtime requires the input of priors on the age of the

ingroup root (the divergence between amphibians and amniotes).
In a previous Multidivtime analysis (27), we set priors for the
mean and SD of the ingroup root age (crown group tetrapods)
equivalent to 345 ± 20 Mya, without any further constraints on
its maximum age. The resulting divergence time estimates for
early tetrapod splits (Late Devonian) seemed too old in light of
the early tetrapod fossil record. To correct this, rttm and rttmsd
were now set equivalent to 330.4 ± 10 Mya based on the mini-
mum proposed by Benton and Donoghue (52). Additionally, we
define 330.4 and 359.2 Mya as minimum and maximum for the
age of this node. Together, these priors and time constraints
describe one-half of a normal curve, with its modus at 330.4 Mya
and its single tail cutoff at 359.2 Mya, forcing the tetrapod crown
group to be of Carboniferous age. BEAST does not require
a prior on the ingroup root age, but using ref. 52, we set a log-
normal prior distribution for the amphibian–amniote split with
zero offset at 330.4 Mya and the 95 percentile at 350.1 Mya. An
additional hard constraint was set at 359.2 Mya.
For the Multidivtime analyses, DNA substitution branch

lengths were estimated for each gene fragment with the program
Estbranches using an F84 + G model with parameters estimated
by PAUP*. Optimized branch lengths and their variance–
covariance matrices were used as input for the program Multi-
divtime, which calculates 95% credibility intervals for node ages
based on relaxed clock model priors and calibration points. The
priors for the mean and SD of the ingroup root rate, rtrate and
rtratesd, were both set to 0.1554 (substitutions per site per 100
Myr) based on the median of the substitution path lengths be-
tween the ingroup root and each terminal divided by rttm (as
suggested by the Multidivtime creator). The priors for the mean
and SD of the Brownian motion constant v, brownmean and
brownsd, were both set to 0.5. In a previous study, we have shown
that changes to these priors have relatively little effect on the
posterior divergence time estimates produced by Multidivtime
(27). Two independent MCMC chains were run for 1.1 million
generations, with a sampling frequency of 1 per 100 generations
and a burn-in corresponding to the first 100,000 generations. The
.samp output files, containing sampled rates and divergence
times, were examined with the program Tracer to check whether
sufficiently large effective sampling sizes (>200) were obtained
for all divergences and to confirm convergence of the two runs to
similar divergence time estimates.
For the BEAST analyses, mutational rate variation across the

tree was modeled by sampling branch-specific rates from a log-
normal distribution with estimated mean and SD. The underlying
DNA substitution process was described using a mixed GTR +
G + I model partitioned over the nine gene fragments. To reduce
computation time, all GTR+ G+ I model parameters were fixed
to their maximum likelihood values as estimated on the starting
tree using PAUP*. In addition, we fixed the tree topology by
eliminating the MCMC operators that control branch swapping.
BEAST allows the incorporation of a pure birth or birth–death
process to model speciation during divergence time analyses. We
decided not to use those in our analyses, because previous studies

have indicated major clade- and time-dependent variations in net
diversification rates in amphibians (27, 42). The assumption of
a single net diversification rate (BminusDRate) and relative ex-
tinction rate (DoverB) across the tree would, therefore, entail an
oversimplified and biologically unrealistic model of amphibian
cladogenesis, and the estimated parameters could be strongly bi-
ased by the limited lineage sampling, especially in amniotes and
caudates. In other words, the actual ultrametric tree that underlies
the taxa included in this study is unlikely to reflect a singular pure
birth or birth–death model. To exclude the speciation model from
the BEAST analyses, we deleted all MCMC operator commands
that specify its model parameters from the BEAST input file. As
a result, BEAST will only use the molecular dataset, DNA sub-
stitution model, tree, and specified priors on some divergence
times to infer posterior divergence times.
Four independent MCMC chains were run for 100 million

generations, with a sampling frequency of 1 per 1,000 generations.
The log output files containing sampled model parameters and
divergence times were examined with Tracer to determine ap-
propriate burn-in intervals and check for sufficiently large ef-
fective sampling sizes (>200 when the four runs were combined).
Branch durations were calculated by subtracting (for each

branch) the estimated mean divergence time of its terminal node
from that of its parental node. Total branch durations for radi-
ations were obtained by summing the durations of all branches
included; 95% credibility intervals for total branch durations were
obtained under the different relaxed clock models by doing the
same subtraction for 10,000 sets of divergence times sampled by
MultiDivtime (in the .samp output file) and BEAST and then
determining percentiles 2.5 and 97.5.

Reconstruction of Morphospace.The131 characters of extant anuran
tadpoles and DELTRAN-reconstructed ancestors were combined
in a larger dataset to estimate a pair-wise distancematrix corrected
for missing data (Fig. S1, 7). This matrix was used as input for
multidimensional scaling (MDS) performed with Statistica 8 (72),
where the distance matrix was treated as a dissimilarity matrix with
131 underlying variables. The minimum number of dimensions
required to capture the essential aspects of morphospace was de-
termined by visual inspection of a Scree plot of raw stress values
(Fig. S5A) and searching the nth dimension for which the raw stress
change rate was highest (i.e., the dimension that represented the
largest descent in stress compared with n − 1 dimensions (73). The
largest descent was observed when the stress value of a 2D frame
was compared with that of a 1D frame. Use of 3D did not drasti-
cally change the morphospace patterns observed in a 2D frame
(Fig. S5B). To evaluate the possibility of biases because of the in-
clusion of (potentially unrealistic) ancestors, we performed a sec-
ondMDS analysis using a distancematrix that included only extant
tadpoles (Fig. S5C).

Estimation of Evolutionary Rates.Time plots of evolutionary change
were made by plotting branch-specific amounts of morphological
change against corresponding branch durations in a cumulative
way from past to present (Fig. S1, 8). As a result, the slope of
each branch is proportional to the average evolutionary rate
along that branch. The time plots based on DELTRAN opti-
mization of morphological branch lengths are presented in Fig.
2, but branch lengths obtained under ACCTRAN optimization
and the Bayesian Mk1 + G model yielded similar plots (Fig. S6).
Phylogenetic estimates of amounts of evolutionary change are
sensitive to artifacts related to stochastic rate variation and taxon
sampling (node density artifacts) (74, 75). To evaluate whether
our estimates were affected by such artifacts, we compared the
observed amounts of morphological change for each branch with
those simulated under a null model of constant (equiprobable)
change. We proceeded as follows:
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i) We imported the estimated timescale into the programMes-
quite 2.5 (76) to simulate the evolution of 65,500 characters,
which resulted in 500 replicate datasets of 131 characters.
During the simulation, we maintained the same proportions
of binary and multistate characters and the same rate varia-
tion across characters as in the original dataset.

ii) The 500 datasets were subsequently imported into PAUP*
to estimate branch lengths on the chronogram topology un-
der DELTRAN parsimony optimization.

iii) The 500 resulting phylograms were standardized by rescal-
ing to a total tree length of 1.0. The same was done with the
empirical DELTRAN-estimated phylogram. This step was
required to cancel out the effect of total tree length varia-
tion caused by the simulation.

iv) The standardized phylograms were used to obtain (for each
branch) a null distribution of branch lengths, reflecting the
expected variation under random change. The empirical
branch lengths were then individually compared with their
corresponding null distributions to determine the probabil-
ity that they reflect random change across the tree.

Average evolutionary rates per radiation (expressed in number
of changes per million years) were calculated by dividing the sum
of reconstructed changes over all its branches by its total branch
duration derived from the divergence time estimates. Confidence
intervals for these rates were based on 500 replicates of character
bootstrapping generated with the program Seqboot of the Phylip
3.6 software package (77). To incorporate the uncertainty on
divergence time estimation, we determined joint 2.5 and 97.5
percentiles on the rates by dividing the 2.5 percentile of the
summed morphological branch lengths by the 97.5 percentile of
the corresponding branch duration and vice versa.

Analyses of Homoplasy. We examined homoplasy across anuran
radiations using the traditional homoplasy index (HI) derived from
the consistency index (78) as well as a state-specific homoplasy index
(HIS) (Fig. S1, 9). For each character state change reconstructed on
a radiation’s branch, HIS indicates the number of times that it in-
dependently occurred elsewhere in the tree.Both indices are likely to
be correlated, but HIS has the advantage over HI that it allows dis-
tinction between rare and highly recurrent changes within characters
that evolve under highly asymmetric rates. HI values were derived
from the credibility interval (CI) values produced per tree branch
using thedescribe treesoption inPAUP*.HIS valueswere calculated
manually based on DELTRAN-optimized character state recon-
structions in Mesquite. The distribution of HI and HIS across all
branches of a radiation was visualized using box plots (Fig. 3).

Toexamine the level ofhomoplasy sharedpair-wisebetween two
radiations or clades, we counted the number of character states
that appeared in both of them. Although this provides an absolute
estimate of shared homoplasy, it gives little information about the
level of significance of the observed homoplasy. For a constant
numberofpossible character states, theexpectednumberof shared
homoplastic state changes will increase in function of the total
number of state changes in both radiations/clades. In other words,
two clades with a high number of state changeswill by chance share
more homoplasy than two clades with few changes, even when all
possible state changes had equal probability. We, therefore, cal-
culated for each pair of radiations/clades the probability of ob-
serving the countednumberof sharedhomoplastic state originsh if
changes were randomly drawn from a constant set of possible state
changes (i.e., if all state changes had equal probability of occur-
rence). This probability is given by the equation (Eq. S1)

PðhÞ ¼

�
s1
h

�
×
�
S− s1
s2 − h

�
�
S
s2

� ; [S1]

where S is the total number of states in the dataset (S = 308 in
our case), s1 is the number of different state changes observed in
radiation/clade 1, and s2 is the number of different state changes
observed in radiation/clade 2. Note that the same probability is
obtained when the two radiations/clades (i.e., s1 and s2) are ex-
changed in the equation. Analogously, we calculated the prob-
ability P(e) that the observed number of evolving characters e
shared between a pair of radiations/pairs reflects the number
expected when characters are randomly drawn from a constant
set C = 131, and the observed numbers of evolving characters in
radiations/clades 1 and 2 are c1 and c2, respectively (Eq. S2):

PðeÞ ¼

�
c1
e

�
×
�
C− c1
c2 − e

�
�
C
c2

� : [S2]

Apotentialbiasontheseprobabilityestimationscouldstemfromthe
possibility that there are actually more possible states (or evolvable
characters) thanobserved inthedataset.However, fromEqs.S1and
S2, it follows that underestimation of S orC results in conservative
(less significant) estimates of the inferred probabilities.
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  between clades/radiations

Fig. S1. Flowchart showing the methods used and how they were integrated. Blue boxes indicate the molecular methods. Numbers 1–9 are cross-referenced
in SI Methods.
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Fig. S2. Consensus tree obtained by 500 replicates of RBS bootstrapping with RAxML using a partitioned GTR model corrected for among-site rate het-
erogeneity by implementing 25 discrete rate categories (GTR + CAT). Close relationships among most congeneric and confamilial relationships (red and blue
branches) are corroborated by high bootstrap support values, justifying the combination of their complementary sequences into single chimeric taxa.
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Fig. S3. Molecular scaffold tree used to constrain the morphological analyses. Values above branches are SBS bootstrap percentages (to the left) and Bayesian
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molecular studies supporting the same relationship, and they correspond to references in SI Methods.
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Fig. S4. Phylogenetic timescale for Anura showing mean divergence time estimates as inferred by Multidivtime. Node numbers are cross-referenced in
Table S1, listing mean estimates and 95% CI intervals produced by the Multidivtime and BEAST analyses.
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Fig. S5. Morphospace visualization using multidimensional scaling. (A) Scree plot of raw stress values (left axis; line plot) used to determine the minimum
number of necessary dimensions to capture the essential features of larval morphospace. Raw stress change rates comparing descents of raw stress for suc-
cessive dimension additions are indicated by the bar diagram (right axis). (B) 3D representation of larval morphospace showing a very similar distribution of
extant and reconstructed ancestral tadpoles to a 2D frame. (C) 2D representation of larval morphospace based on a distance matrix that includes only extant
tadpoles (reconstructed ancestors being excluded). A, basal anuran radiation; Af, Afrobatrachia; An, Anomocoela; As, Ascaphus; Co, Costata; He, Heleophryne;
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Fig. S6. Cumulative time plots of evolutionary change obtained under ACCTRAN optimization (A) and a Bayesian Mk1 + G model of discrete character change
(B). The slope of each branch is proportional to its average rate of morphological change. A, basal anuran radiation; Af, Afrobatrachia; Mi, Microhyloidea;
N, basal neobatrachian radiation; Na, Natatanura; No, Nobleobatrachia.
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Table S1. Molecular divergence time estimates obtained by two different Bayesian relaxed clock models

Node* Clade

Correlated model (MultiDivitime) Uncorrelated log-normal model (BEAST)

Mean (Mya) SD

95% CI

Mean (Mya) SD

95% CI

2.5% 97.5% 2.5% 97.5%

1 11.2 3.1 6.3 18.3 6.5 0.4 2.7 11.1
2 9.5 4.5 2.0 19.5 7.2 0.3 2.5 12.8
3 Discoglossidae 153.3 10.2 133.6 173.4 115.5 7.4 71.1 157.7
4 Costata 195.7 9.8 176.3 215.4 163.2 5.9 124.0 201.0
5 Pipidae 141.8 9.9 122.8 161.3 114.2 3.5 86.1 137.5
6 Xenoanura 204.8 9.3 187.0 223.2 167.0 5.4 158.7 177.3
7 Megophryidae 63.4 7.6 49.4 79.9 55.6 2.6 36.8 76.3
8 118.2 9.6 99.9 136.7 105.1 3.9 79.9 130.3
9 150.6 10.2 132.3 170.6 134.0 4.6 107.6 160.4

10 Anomocoela 168.2 9.9 149.4 187.8 152.3 5.0 126.5 179.3
11 51.8 5.8 40.7 63.5 46.6 2.1 29.2 65.8
12 85.6 5.1 76.3 96.0 77.6 2.6 58.5 97.2
13 Afrobatrachia 101.5 5.2 91.8 112.0 98.4 2.9 79.7 117.2
14 56.8 3.6 49.7 63.9 58.8 2.1 39.6 76.2
15 30.3 2.8 25.1 35.8 33.2 1.9 20.2 47.5
16 39.3 3.3 33.2 46.1 45.1 2.0 30.3 59.6
17 66.4 0.9 65.5 68.6 69.0 0.9 65.0 76.3
18 73.5 2.0 69.8 77.7 79.6 1.6 71.0 89.6
19 74.6 2.1 70.8 79.1 80.7 1.6 71.9 90.7
20 Microhyloidea 78.3 2.6 73.3 83.5 86.3 1.8 76.1 97.7
21 118.0 4.8 108.8 127.4 118.9 3.0 103.9 134.4
22 63.1 4.7 54.2 72.1 59.0 3.4 39.9 79.2
23 49.7 4.6 40.8 58.5 49.3 3.1 28.6 70.5
24 38.6 4.9 29.6 48.3 35.8 2.2 18.3 54.1
25 40.7 5.9 29.8 52.8 37.0 2.2 21.3 54.3
26 72.0 4.8 62.6 81.7 69.4 3.4 52.3 86.9
27 74.2 4.7 65.4 83.5 75.0 3.5 57.9 92.7
28 80.0 4.8 71.0 89.7 80.9 3.5 63.6 99.1
29 Natatanura 86.4 4.9 76.9 96.3 89.3 3.6 70.5 108.5
30 Ranoides 120.6 4.9 110.9 130.4 125.7 3.2 110.2 142.3
31 43.7 4.3 35.9 52.8 52.1 2.7 34.3 69.9
32 58.9 4.8 50.3 68.8 75.3 3.6 59.7 91.7
33 63.0 4.8 54.0 73.2 85.6 4.1 71.1 101.2
34 61.8 5.0 52.4 72.3 81.2 3.9 65.5 97.6
35 30.1 4.7 21.2 39.8 37.3 2.1 19.0 56.7
36 21.2 2.8 16.3 27.4 27.4 1.9 15.8 40.3
37 28.4 3.3 22.4 35.2 38.7 2.3 25.4 52.9
38 34.4 4.3 26.4 42.9 45.6 2.4 30.6 61.2
39 15.4 2.5 10.9 20.7 18.8 1.2 10.6 27.9
40 18.8 3.2 13.1 25.3 21.0 1.2 12.4 30.5
41 4.5 1.8 1.5 8.3 6.1 2.5 2.3 10.6
42 24.2 3.7 17.1 31.8 31.3 1.7 20.7 42.7
43 40.1 4.5 31.4 49.3 50.1 2.5 36.3 64.8
44 Bufonidae 49.7 4.5 41.3 59.0 63.7 3.1 49.0 78.9
45 59.6 4.8 50.3 69.3 79.5 3.8 65.6 94.4
46 61.3 4.9 52.0 71.3 82.5 3.9 68.2 97.6
47 64.8 4.8 55.7 74.7 85.6 4.0 71.4 100.9
48 67.0 4.8 58.3 77.3 87.9 4.1 73.4 103.2
49 24.1 3.3 18.1 31.1 19.3 1.6 8.7 32.2
50 5.9 2.6 1.3 11.8 11.1 4.6 3.4 20.1
51 39.1 4.6 30.9 48.4 48.9 2.1 35.6 62.5
52 44.3 4.2 36.5 52.6 56.3 2.4 43.5 69.5
53 20.5 3.3 14.5 27.5 27.7 1.4 13.7 42.9
54 18.3 1.7 16.1 22.4 23.7 1.3 16.0 32.7
55 21.7 2.2 17.9 26.2 29.9 1.5 20.5 40.2
56 44.6 3.8 37.8 52.3 56.7 2.4 44.5 69.3
57 46.6 4.0 39.8 54.7 60.6 2.6 48.6 73.6
58 23.2 4.0 15.8 30.9 31.7 1.6 17.1 47.4
59 Hylinae 51.5 4.6 43.3 61.3 67.9 2.9 54.9 81.9
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Table S1. Cont.

Node* Clade

Correlated model (MultiDivitime) Uncorrelated log-normal model (BEAST)

Mean (Mya) SD

95% CI

Mean (Mya) SD

95% CI

2.5% 97.5% 2.5% 97.5%

60 10.0 4.2 2.2 19.1 13.9 6.0 6.5 22.5
61 15.4 4.5 7.4 25.2 23.1 1.1 12.7 34.2
62 22.0 5.2 12.8 33.6 24.7 1.3 14.0 36.5
63 23.6 3.6 17.5 31.1 29.6 1.7 16.3 44.6
64 50.6 4.5 42.6 60.1 59.7 2.5 42.0 77.8
65 Hylidae 63.4 4.7 54.9 73.3 81.5 3.7 67.3 96.2
66 65.4 4.7 56.6 75.0 88.2 4.1 73.7 103.5
67 Nobleobatrachia 68.2 4.8 59.6 78.0 90.9 4.3 76.3 106.6
68 155.4 7.2 141.0 169.6 145.6 4.9 126.1 166.5
69 162.5 6.9 149.3 175.8 157.5 5.1 138.5 177.8
70 Neobatrachia 170.5 7.1 156.8 184.9 166.4 5.3 146.3 187.4
71 223.7 8.7 206.5 241.3 195.9 5.7 173.3 219.3
72 231.4 8.7 215.0 248.9 206.5 6.0 182.9 230.4
73 Bombinanura 236.6 8.8 219.8 254.6 213.1 6.1 188.7 238.0
74 Anura 240.9 8.8 224.3 259.2 221.7 6.3 196.3 248.1
74 Caudata 225.9 13.5 198.0 250.9 163.2 2.1 157.7 170.3
74 Batrachia 333.3 6.6 319.7 345.4 306.7 3.8 277.3 336.9
74 Tetrapoda 347.5 2.0 342.9 350.0 345.6 8.5 335.7 357.2

CI, credibility interval; Mya, million years ago.
*Node numbers are cross-referenced in Fig. S4.
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