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Taxonomic, morphological, and functional diversity are often discordant and independent components of diversity. A fundamental

and largely unanswered question in evolutionary biology is why some clades diversify primarily in some of these components and

not others. Dramatic variation in trunk vertebral numbers (14 to >300) among squamate reptiles coincides with different body

shapes, and snake-like body shapes have evolved numerous times. However, whether increased evolutionary rates or numbers

of vertebrae underlie body shape and taxonomic diversification is unknown. Using a supertree of squamates including 1375

species, and corresponding vertebral and body shape data, we show that increased rates of evolution in vertebral numbers have

coincided with increased rates and disparity in body shape evolution, but not changes in rates of taxonomic diversification. We

also show that the evolution of many vertebrae has not spurred or inhibited body shape or taxonomic diversification, suggesting

that increased vertebral number is not a key innovation. Our findings demonstrate that lineage attributes such as the relaxation

of constraints on vertebral number can facilitate the evolution of novel body shapes, but that different factors are responsible for

body shape and taxonomic diversification.
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Explaining patterns of organismal diversity is a central aim of evo-
lutionary biology (Darwin 1859; Schluter 2000; Ricklefs 2004;
Pennisi 2005). Historically, species richness has been the pri-
mary proxy for diversity (Mitter et al. 1988; Davies et al. 2004;
Fernandes et al. 2004; Lynch 2009), but other types of diver-
sity may be equally relevant (Hunter 1998; Roy et al. 2004).
For example, genetic (Bowen 1999; Ferguson 2002), morpho-
logical (Foote 1997; Harmon et al. 2003; Sidlauskas 2008), and
functional or ecological diversity (Wainwright 2007; Young et al.
2007; Mouchet et al. 2010) are all components of organismal di-
versity. Although these components of diversity sometimes show
similar patterns, they are often discordant, with complex rela-
tionships among them (Foote 1993; Roy et al. 2004; Collar and
Wainwright 2006; Adams et al. 2009). The occurrence of cryptic
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species (Wiens and Penkrot 2002; Bergmann and Russell 2007),
geographic mismatches between morphological and taxonomic
diversity (Roy et al. 2001; Neige 2003), and many-to-one map-
ping of phenotypes on function (Alfaro et al. 2004) are compelling
examples of these complex relationships. Thus, the questions of
why some clades are diverse along some axes of diversity and not
others, and why clades differ in these various types of diversity
are important in evolutionary biology.

Many ecological and historical processes have been proposed
as drivers of diversification within clades (Ricklefs 2004), in-
cluding ecological release (Archibald and Deutschmann 2001;
Bininda-Emonds et al. 2007), competition (Abrams 1986), key
innovations (Mayr 1963; Hunter 1998), and constraints (Wag-
ner 1988; Schwenk and Wagner 2003; Futuyma 2010). In this
study, we focus on the role of key innovation and constraint in the
diversification of squamate reptiles in the context of their vertebral
evolution. A key innovation is a structure or property that allows
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a taxon to perform novel functions, thereby facilitating access to
new niches, and ultimately resulting in increased rates of diversi-
fication (Mayr 1963; Schluter 2000; Gavrilets and Losos 2009).
Testing for key innovation has typically involved establishing a
positive relationship between the presence of a trait and species
richness (e.g., Liem 1973; Hodges and Arnold 1995; Alfaro et al.
2009), but has largely ignored other aspects of diversity (Hunter
1998).

The influences of constraints on diversification are widely
discussed yet poorly understood (Wagner 1988; Schwenk and
Wagner 2003; Futuyma 2010). Constraints can either be structural,
resulting from universal physical laws (Gillooly et al. 2001), or
evolutionary, resulting from limits on the evolved organismal phe-
notype or body plan (Wake 1991; Cullinane 2000; Gould 2002).
No matter how constraints are defined, they act to limit the varia-
tion in phenotypes, disallowing certain evolutionary options, and
ultimately limiting diversification (Wagner 1988; Cullinane 2000;
Brakefield 2006; Harmon et al. 2010). Conversely, the relaxation
of constraints acting on a morphological trait may lead to in-
creased morphological and functional diversification, the invasion
of new niches, and ultimately allowing for increased speciation,
as may be seen in adaptive radiation (Schluter 2000).

Vertebral number is a trait that is often perceived as be-
ing under a high degree of constraint. A case in point is mam-
mals (Slijper 1946), in which almost all species have seven cer-
vical vertebrae (Galis 1999) due to strong stabilizing selection
(Galis and Metz 2007). However, in many other taxa, includ-
ing some clades of fish (Ward and Brainerd 2007), salamanders
(Parra-Olea and Wake 2001), and lizards (Greer 1991), this con-
straint is relaxed, and the number of vertebrae is highly vari-
able. These clades often exhibit pleomerism, where species with
increased vertebral number have more elongate bodies (Presch
1975; Greer 1990; Parra-Olea and Wake 2001), and consequently,
the evolution of body shape in such groups is in large part mediated
through the evolution of vertebral number (Ward and Brainerd
2007). However, vertebral length is also an important determi-
nant of body proportions, and so evolutionary changes in body
shape can be mediated primarily through changes in vertebral
number, changes in vertebral length, or both. Indeed both aspects
of vertebral morphology are involved in body shape evolution in
fish (Ward and Brainerd 2007), and with only seven vertebrae,
the long neck of the giraffe is exclusively the result of vertebral
lengthening (van Sittert et al. 2010).

Vertebral morphology and number has far-reaching conse-
quences for organismal function and ecology. Vertebral number
influences body flexibility and locomotor performance in many
clades, particularly fish and squamate reptiles (Brainerd and Patek
1998; Porter et al. 2009; Bergmann and Irschick 2010), and the
same may be true for vertebral shape (Buchholtz and Schur 2004).
In turn, body shape influences diet (Pough et al. 1997), and habi-

tat use in squamates (Melville and Swain 2000; Van Damme and
Vanhooydonck 2002). Furthermore, body shape and vertebral
number are heritable and often the target of selection (Shine 2000;
Walsh et al. 2006; Yamahira et al. 2006). These studies demon-
strate a relationship between vertebral number, body shape, lo-
comotor function, and niche use, but they do not address how
these aspects relate to morphological and taxonomic diversifica-
tion at a macroevolutionary level, and this is what we set out to
accomplish.

Here, we examined two hypotheses regarding vertebral evo-
lution and diversification in squamates. First, we tested the hy-
pothesis that a relaxation of constraint on vertebral number in
certain clades of squamates coincides with increases in body
shape and taxonomic diversification. Given the documented re-
lationships among vertebral number, body shape, and niche use
discussed above, we predicted that a relaxation of constraint on
vertebral number evolution would coincide with increased rates
of body shape evolution. This would facilitate the occupation
of a wider range of niches, ultimately leading to increased spe-
ciation rates due to increased ecological opportunity associated
with filling those niches (Simpson 1944; Mayr 1963; Schluter
2000). Second, we tested the hypothesis that the acquisition of
many vertebrae represents a key innovation, and so has allowed
for further body shape and taxonomic diversification. The evo-
lution of many vertebrae is frequently associated with a snake-
like body shape and is a common theme in vertebrate evolution
(Parra-Olea and Wake 2001; Wiens et al. 2006; Ward and
Brainerd 2007; Brandley et al. 2008). Under various circum-
stances, one might expect increased vertebral numbers to con-
tribute to either increases or decreases in diversification rates.
An increase in diversification would be expected if a snake-like
body shape represents a key innovation that has allowed the in-
vasion of new adaptive zones (Simpson 1944; Mayr 1963). We
predict that the evolution of more vertebrae will coincide with
increased taxonomic diversification rate, as could be argued for
snakes themselves, which account for ~38% of extant squamate
species (Greene 2000; Uetz et al. 2007). However, the alternative
outcome, a decrease in diversification rate, is possible if a snake-
like body shape represented an evolutionary dead-end: a steep
adaptive peak that constrained further evolution, as documented
with piscivory in centrarchid fish (Collar et al. 2009).

We tested these hypotheses using phylogenetically informed
measures of constraint, body shape diversification, and taxonomic
diversification. We used the rate of evolution of vertebral number
as our measure of constraint on this trait (O’Meara et al. 2006). We
used two measures of body shape diversity: the rate of evolution
in body shape variables and their lineage density or disparity
(Sidlauskas 2008). The rate of evolution and disparity reveal
different aspects of morphological diversity because the former
can be interpreted as how easily a trait changes through time and
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the latter as how easily new areas of morphospace are explored
(O’Meara et al. 2006; Sidlauskas 2008). Our measure of taxo-
nomic diversification was species richness, adjusted for age of the
most recent common ancestor (MRCA) of each clade (Magallén
and Sanderson 2001; O’Meara et al. 2006). We chose squamate
reptiles as a model system to test our hypotheses because a snake-
like body has evolved >25 times in this taxon (Brandley et al.
2008) and because trunk vertebral numbers vary over an order of
magnitude—from 14 in a dwarf chameleon to over 300 in some
snakes (Polly et al. 2001; this study). With ~8400 species, body
shapes ranging from snake-like to very short bodied, and with
some clades being more diverse in body shape than others (Wiens
et al. 2006), squamates are both morphologically and taxonomi-
cally diverse. To test our hypotheses, we constructed a supertree
including 1375 species of squamates, and compiled large vertebral
and morphometric datasets.

Methods

SUPERTREE CONSTRUCTION

Data collection and coding

We constructed a supertree phylogeny of squamates that consti-
tutes a maximally inclusive estimate of phylogeny, and a most par-
simonious synthesis of all published phylogenies (Sanderson et al.
1998; Bininda-Emonds et al. 1999; Sanderson and Driskell 2003;
Baum and Ragan 2004; Cardillo et al. 2004). In a supertree, con-
flict between source trees is interpreted as incongruence among
data as opposed to homoplasy (Bininda-Emonds 2004). We pro-
duced a supertree of the Squamata, concentrating on lizards and
sampling only a few snakes.

We used the Web of Science and Biological Abstracts online
databases to identify source papers published between 1980 and
2006 (Cardillo et al. 2004). We conducted searches using the terms
“phylog*” or “systemat*” or “clad*” and lizard taxon names (e.g.,
“Agami*”) from Pianka and Vitt (2003). We also searched the Lit-
erature Cited sections of all of these publications. To be included,
each publication had to: (1) present a formalized phylogenetic
analysis of real data, (2) state the data type and analyses used,
and (3) not be a pseudoreplicate of later work (Bininda-Emonds
et al. 2004). When multiple phylogenies appeared within a study,
we included multiple trees when they were based on independent
datasets (different sequences, or morphology vs. DNA). We used
multiple independent trees in preference to total evidence trees
to allow inclusion of multiple phylogenetic signals. We also used
phylogenies that presented clade support values over those that
did not, and those phylogenies explicitly stated as preferred by
authors of the original publications (Bininda-Emonds et al. 2004).

We converted phylogenies to matrix representation with
parsimony (MRP) form by hand in Microsoft Excel (Bininda-
Emonds et al. 2002; Bininda-Emonds et al. 2005). We coded
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taxa not included in a given study as missing, and used a hypo-
thetical all-zero outgroup to root source trees (Sanderson et al.
1998; Baum and Ragan 2004). We also added a backbone taxon-
omy to the data matrix, including no missing data and consisting
of 29 characters with no hierarchical structure that represented
higher taxa of squamates (Bininda-Emonds and Sanderson 2001;
taxa listed in Pianka and Vitt 2003). We chose MRP because it is
computationally efficient, widely used, and performs well in ob-
taining an accurate phylogeny (Bininda-Emonds and Sanderson
2001; Eulenstein et al. 2004). We corrected all included species
names for synonymy (Bininda-Emonds et al. 1999; Bininda-
Emonds et al. 2004) using the Reptile Database (Uetz et al. 2007).
Finally, we concatenated all MRP spreadsheets into a master ma-
trix using the seqCat Perl script, written by and available from O.
R. P. Bininda-Emonds.

We weighted each character by the clade support from the
original published analysis, an approach that yields more accurate
phylogenetic reconstructions because higher weighted characters
are more robustly supported by the source data (Bininda-Emonds
and Sanderson 2001; Salamin et al. 2002; Bininda-Emonds 2004,
Davies et al. 2004; Moore et al. 2006). We included clades that
had bootstrap or posterior probability support >50% in the orig-
inal studies. In cases where two studies included large sets of
common data but each included some new data or taxa, we down-
weighted their characters by half (Bininda-Emonds et al. 2004;
Gatesy and Springer 2004). Finally, we down-weighted charac-
ters from studies that did not present clade support values to 10%
of the maximum possible weight, allowing the inclusion of their
phylogenetic signal, while allowing more robust studies to over-
rule them (Gatesy and Springer 2004). It is important to note that
this weighting scheme does not provide clade support values for
the supertree, which is extremely difficult to do because of com-
putational limitations and nonindependence of MRP characters
(Bininda-Emonds et al. 1999; Moore et al. 2006).

Supertree phylogenetic analysis

We ran the MRP analysis using PAUP*4b10 (Swofford 2002).
We used a parsimony ratchet (Nixon 1999), also used with other
supertrees (Cardillo et al. 2004), to analyze the data because a
standard heuristic search was prohibitively computationally in-
tensive. We used PAUPrat version 1.0 software (Sikes and Lewis
2001) to produce scripts for the parsimony ratchet, which used 20
replicates of 200 iterations. For each replicate, we used a random
starting seed for character weight perturbation, TBR branch swap-
ping, one replicate of a stepwise random taxon addition sequence,
and an additive weighting scheme. We retained one tree per itera-
tion to maximize speed of analysis, and perturbed the weights of
15% of characters at each iteration. We retained only the shortest
trees from each replicate and calculated a strict consensus of them
using PAUP*.
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Dating the supertree

Prior to dating, we pruned the tree to include only species for
which we had vertebral count data using the Perl script TreePruner
(available from O. R. P. Bininda-Emonds). Dating procedures fol-
lowed those of Bininda-Emonds et al. (2007). We downloaded all
nonmammalian vertebrate sequences from GenBank as flat files
and used the Perl Script GenBankStrip (available from O. R. P.
Bininda-Emonds) to identify genes with sequences for >30 lizard
species and to compile files with longest gene sequences for each
available species for each gene (Bininda-Emonds et al. 2007).
We aligned gene sequence datasets using Clustal X (Thompson
et al. 1997) and corrected them by eye using BioEdit version 7.0
(Hall 1999). The aligned sequence dataset included data for 26
genes (see Supporting information). For some genes, sequenced
sections produced multiple largely independent blocks of data,
and so we divided these genes into separate sections. ND2 and
RNR2 were divided into two sections, and RAG-1 was divided
into three sections. We then standardized the taxonomy between
the supertree and the sequence datasets, retained a single sequence
per species, and added outgroup sequences for Mus musculus and
Gallus gallus.

Once we compiled sequence data in this way, we used Mod-
elTest version 3.06 (Posada and Crandall 1998) to determine the
best model of sequence evolution for each gene with AICc val-
ues (Burnham and Anderson 1998). We recorded model weights
and used model-averaged parameters when the dominant model
weight (w;) was <0.95. For each ModelTest run, we constrained
the analysis to use a version of the supertree that was pruned to in-
clude only species that were represented in each gene dataset using
the Perl script autoMT (available from O. R. P. Bininda-Emonds).
We then calculated the branch lengths for each pruned supertree
using each gene’s sequence data and model parameter estimates in
PAUP*. We also ran a rapid bootstrap maximum likelihood analy-
sis with 1000 bootstrap replicates and the GTRCAT model using
RAXML (Stamatakis 2006), resulting in a gene-estimated sample
of bootstrap trees for each gene. Finally, we compiled information
on 26 dated fossils (see Supporting information) from Wiens et al.
(2006) and the literature, with the help of J. A. Schulte.

We dated the supertree using the branch lengths calculated
from each gene dataset fitted to the supertree topology, the sample
of unconstrained bootstrap trees for each gene dataset, and a set
of fossil calibration points using the Perl script relDate (Bininda-
Emonds et al. 2007), which implements a local clock model that
smoothes substitution rates across sister groups (Purvis etal. 1995;
Bininda-Emonds et al. 2007). We used an updated version of rel-
Date (Bininda-Emonds, unpubl. ms.) that fixes an earlier-reported
bug (Bininda-Emonds et al. 2008), weights the relative date esti-
mates derived from each gene according to the degree of congru-
ence between it and the supertree topology, and finally interpolates
branch lengths for which there are no sequence or fossil data using

a pure birth model. Dates obtained using this approach are heavily
reliant on the root age (Bininda-Emonds et al. 2007), which we
took to be 227 Ma for the divergence between Sphenodon and the
Squamata (Wiens et al. 2006; Ricklefs et al. 2007). We treated all
other fossil dates as minimum age constraints. Together, fossil and
molecular data provided date estimates for 550 of 830 (66.3%)
nodes of the supertree. The remaining 280 nodes were interpolated
by relDate, as described above. We used this approach because of
its past success on large trees, computational efficiency, use of rate
smoothing, interpolation of dates based only on gene-estimated
dates (Bininda-Emonds et al. 2007), and its ability to account for
the degree of gene conflict with the supertree topology (O. R. P.
Bininda-Emonds, pers. comm.).

MORPHOLOGICAL DATA COLLECTION
We collected trunk vertebral numbers for 1375 species and mor-
phometric data for 635 of these species (see Supporting informa-
tion). PJB took the majority of radiographs at the Smithsonian Mu-
seum of Natural History and the Museum of Comparative Zoology
at Harvard using the museums’ Varian (Salt Lake City, UT) digital
x-ray systems. We laid specimens flat on the x-ray surface and
used scale bars to prevent image distortion and allow morphomet-
ric data collection. From the radiographs, we recorded the number
of trunk vertebrae, defined as those anterior to the sacral verte-
brae. We assumed that intraspecific variation in vertebral number
is less than interspecific variation, and so we maintained species
sample sizes low so as to maximize the taxonomic sampling,
but attempted to include three specimens per species. In addition
to these x-rays, we radiographed a series of Phrynosoma taurus
from the University of Texas at Arlington, and borrowed film
radiographs of some rare species from the Field Museum of Nat-
ural History, the University of Michigan Museum of Zoology, and
M. C. Brandley. Finally, we added presacral vertebral counts from
the literature (see Supporting information). We calculated species
modal trunk vertebral number for use in subsequent analyses.
For our morphometric data, we measured one specimen per
species and only specimens with undistorted radiographs. We
measured head length (HL) and width (HW), body length (BL)
and maximum width (BW), hindlimb length (HLL) and width
(HLW), and hind foot length (HFL) to the nearest 0.01 mm using
Image J (Rasband 2002). Body length was not homologous to
standard snout-vent length measurements because the cloaca was
not identified in the radiographs. Hence, we defined BL as the
distance from the tip of the snout to the posterior-most extent of
the pelvis at the midline. We defined HLL as the distance from
the head of the femur to the tip of the longest toe and HLW as the
distance perpendicular to the long axis of the femur at the origin
of the hind limb from the body. We defined HFL as the distance
from the proximal edge of the tarsals to the tip of the longest toe.
We also noted the presence or absence of the front limb, because
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the orientation of the front limb often precluded taking accurate
measurements.

DATA ANALYSIS

Measures of tempo and mode of evolution

We defined 50 mutually exclusive clades that together encom-
passed all of the Squamata. We defined clades as major recog-
nized taxonomic units within the squamates, or as major resolved
subclades within those taxa. We also defined some as taxa of
particular interest in vertebral evolution. For example, the scincid
genus Lerista was of particular interest because of high species
richness and variation in vertebral number (Greer 1987, 1990).
Although these criteria are arbitrary, this is unavoidable, as using
only recognized taxa of a given rank (e.g., Family-level taxa) is
also arbitrary.

To prepare our morphometric dataset for clade-level anal-
yses, we first removed the effects of body size and analyzed it
using principal component analysis (PCA) using a correlation
matrix in SYSTAT version 11. To remove the effects of body size
while taking phylogeny into account, we calculated phylogenet-
ically independent contrasts (PICs) (Felsenstein 1985; Garland
et al. 1992) of all log-transformed morphometric variables, and
regressed each through the origin on HL, which we used as a
proxy for size (Wiens and Singluff 2001; Brandley et al. 2008).
We then used the PIC slope to calculate size-corrected trait values
following Blomberg et al. (2003), and used these trait values as
input for the PCA. We used PC-1 and PC-2 species factor scores
in our calculations of rate of evolution and disparity in body shape
for each of the 50 clades.

For each of our 50 defined clades, we calculated the rate of
taxonomic diversification, rate of trunk vertebral number diversi-
fication, rate of PC-1 and PC-2 diversification, disparity of trunk
vertebral number, and disparity of PC-1 and PC-2. To calculate
rates of taxonomic diversification, we tallied the number of extant
species in each clade using the online Reptile Database (Uetz et al.
2007) and obtained the age of the MRCA from our supertree. We
then calculated rate of taxonomic diversification assuming a pure-
birth model, for the crown group using equation (4) of Magallén
and Sanderson (2001).

We calculated rates of vertebral and morphometric evolution
and ancestral states for vertebral number and the first two PCs
using Brownie version 2.0 (O’Meara et al. 2006). This is a max-
imum likelihood approach that fits a Brownian motion model of
evolution to traits. The rate parameter, 02, is estimated using the
MRCA as the distance from root to tip of each clade’s phylogeny.
Maximum likelihood ancestral state reconstructions match those
of other software, and are consistent with those from squared-
change parsimony (Schluter et al. 1997; O’Meara et al. 2006).
This approach is more powerful than estimating rates from PICs
(O’Meara et al. 2006).
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We calculated disparity as lineage density (D) for each clade
for vertebral number and a morphospace defined by PC-1 and PC-
2 (Sidlauskas 2008) as the quotient of the sum of morphometric
branch lengths and the area of morphospace occupied by each
clade. We calculated morphometric branch lengths for each clade
by reconstructing ancestral states for each node on the supertree
and for each trait using Mesquite version 2.6 (Maddison and Mad-
dison 2010), with all branch lengths set equal to unity (Sidlauskas
2008). We then calculated Euclidean distances along each branch,
between ancestor and each descendent and summed all of these
distances for each clade. Vertebral number distances were one-
dimensional, and distances based on PC-1 and PC-2 were two-
dimensional. We calculated the area of morphospace occupied by
each clade as the sum of spans of the major axes of the bounding
hyperellipsoid (Sidlauskas 2008) in R Core Development Team
(2008).

Statistical analysis

We corrected for multiple comparisons by using the Benjamini-
Hochberg (B-H) method (Benjamini and Hochberg 1995), which
controls both the type I error and false discovery rates, while
maintaining a high and stable power (Williams et al. 1999; Moran
2003). The more commonly used sequential Bonferroni correc-
tion (Rice 1989) suffers from decreased power as the number of
comparisons increases (Garcia 2004). With the B-H method, we
calculated the critical P-value as: P, = io/m, where i is the
rank of the comparison, when all comparisons are ordered from
lowest to greatest P-value, « is the desired type I error rate (0.05),
and m is the total number of comparisons (Williams et al. 1999).
We also evaluated effect sizes with R? values because many of
our sample sizes were large, making it possible for very small
effects to be statistically significant. We interpreted only analyses
that were significant following the B-H correction and that had
R?> > 0.15.

To test our first hypothesis, that a relaxation of constraint
on vertebral number coincides with body shape and taxonomic
diversification, we analyzed relationships among clade-level val-
ues of taxonomic diversification rate, and rates of evolution and
disparities of body shape (PC-1 and PC-2) and trunk vertebral
number with PICs (Felsenstein 1985; Garland et al. 1992), using
Mesquite version 2.6 (Maddison and Maddison 2010). We did
multiple regressions among PICs, including log-transformed ver-
tebral number as a covariate to ensure that the rate of evolution
in vertebral number, and not vertebral number, was driving ob-
served relationships. We tested the assumption that PICs follow
a Brownian motion model by testing for significant correlations
between PICs and their standard deviations (Garland et al. 1992)
and their estimated node heights (Freckleton and Harvey 2006).
Because many of the clade-level PICs were not well standardized
when calculated with temporal branch lengths, we set all branch
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lengths equal to 1, which yielded well-standardized PICs. Our
approach strengthens previous approaches that have considered
single transitions in rate or disparity (e.g., O’Meara et al. 2006;
Sidlauskas 2008; Collar et al. 2009), by treating these variables
as continuous and using regression analysis to consider multiple
instances of trait evolution without having to identify each one.
Thus, we combined the power of using rates and disparity of evo-
lution, (O’Meara et al. 2006; Sidlauskas 2008), with the power
of historical testing using multiple evolutionary events (Jensen
1990).

We tested our second hypothesis that increases in the num-
ber of vertebrae, and an associated elongate body shape, coincides
with body shape and taxonomic diversification in several ways.
We tested for clade-level relationships between ancestral recon-
structions of vertebral number with rates and disparity of body
shape evolution, and between taxonomic diversification rate and
ancestral reconstructions in body shape and vertebral number us-
ing PICs, as described above.

We also conducted species-level analyses to test whether
taxonomic diversification rate was related to the morphological
traits trunk vertebral number, PC-1, and PC-2, by using macro-
CAIC (Agapow and Isaac 2002), as implemented in the CAIC
package in R Core Development Team (2008). This approach is a
modification of PICs to test whether a continuous trait influences
species richness that uses species as the units of analysis (Agapow
and Isaac 2002). The rate difference and proportion dominance
ratio formulae for calculating the contrasts for species richness
gave identical results, so we present only results from the former
because it considers diversification rate by taking phylogenetic
branch lengths into account (Agapow and Isaac 2002).

Finally, we used the Binary State Speciation and Extinction
(BiSSE) model to evaluate whether elevated numbers of trunk
vertebrae relative to the ancestral state influenced rates for speci-
ation and extinction (Maddison et al. 2007). We fitted the BiSSE
model, a character-independent model of speciation and extinc-
tion (two parameters estimated), and several intermediate models,
while taking incomplete taxonomic sampling into account, using
Diversitree (FitzJohn et al. 2009), an R package (R Core Develop-
ment Team 2008). We coded species with trunk vertebral numbers
>27 with a 1 and those with fewer vertebrae with a 0. This cut-off
was chosen because it is close to the ancestral number of trunk
vertebrae for squamates (25, exhibited by Sphenodon). To ensure
that our results were robust to our selection of cut-off, we also fit
an unconstrained BiSSE model to our data, using a cut-off where
species with >29 vertebrae were coded with a 1, as this corre-
sponds to coding all well-represented vertebral numbers with a 0
(Fig. 2). Finally, we fit an unconstrained Multiple State Specia-
tion and Extinction (MuSSE) model (FitzJohn et al. 2009), where
vertebral number was represented using three character states:

<27, 28-49, and >49 trunk vertebrae, to further evaluate our
results for robustness. We fitted all models at least five times with
independent random parameter starting points to evaluate whether
some analyses detected local instead of global maxima. We fit-
ted 10 replicate three-state MuSSE models due to problems with
convergence with many replicates. These problems, associated
with significantly increased numbers of parameters that needed
to be estimated prevented us from fitting more complex multi-
state models or from treating vertebral number as a continuous
character (FitzJohn 2010). We compared the fit of these models
using AICc (Burnham and Anderson 1998). The results of these
models are robustly supported by the results from our PIC-based
analyses.

Results

SUPERTREE OF THE SQUAMATA

The weighted supertree analysis included 2538 taxa prior to prun-
ing, was based on 3923 parsimony-informative pseudocharac-
ters, and yielded 165 equally most parsimonious trees of length
312,230. The supertree was derived from 318 source trees pub-
lished in 295 source publications (Supporting information). Most
source trees were derived from morphological and mtDNA char-
acters, although nuclear DNA sequences and other sources of
data were also represented (Supporting information). The pruned
and dated supertree includes the 1375 species for which we had
vertebral count data (Supporting information). The supertree is
consistent in many respects with recent molecular phylogenies
(Townsend et al. 2004; Vidal and Hedges 2004) in allying the
Iguania with the Varanidae and Anguidae; suggesting a close
relationship among the Lacertidae, Gymnophthalmidae, and Tei-
idae; and placing the Cordyloidea as sister to the Scincidae and
Xantusiidae (Fig. 1A). The supertree also resolved the Gekkota
as sister to other squamates (Townsend et al. 2004). However, the
placement of the Serpentes as sister to the Amphisbaenia may be
the result of conflicting phylogenetic signal from source studies
(Fig. 1A). The placement of these groups has always been equiv-
ocal and varied due to their highly derived nature (Estes et al.
1988; Lee 1998; Caldwell 1999; Harris et al. 2001; Townsend
et al. 2004).

VERTEBRAL NUMBER AND BODY SHAPE VARIATION
Trunk vertebral numbers varied over an order of magnitude—
from 14 in a dwarf chameleon (Brookesia superciliaris) to 120 in
a pygopodid (Aparisia pseudopulchella), to 136-293 in the var-
ious snakes that we sampled (Fig. 2). The modal trunk vertebral
number was 26, possessed by 350/1375 species sampled. The an-
cestral state, as determined by comparison to the extant squamate
outgroup, Sphenodon punctatus, was 25 vertebrae and this was
shared with 93 other species sampled.
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Figure 1. The supertree, simplified to clades described in the text (A). Branch lengths are proportional to time. Colors of branches and of
inner and outer rings of dots (in sequence: black, purple, blue, green, yellow, orange, red) indicate rates of vertebral number evolution,
rate of PC-1 evolution, and disparity in body shape (all low to high), respectively. Open circles indicate an unknown state. Numbers in

parentheses indicate vertebral sample size, morphometric sample size,
show body shapes of representatives from the underlined clades.

The first component from the PCA on phylogenetically size-
corrected morphometric data explained 61.9% of the variance in
the data. It represented a trade-off between body length, and all
limb and digit characteristics (Table 1). Species that loaded highly
positively on PC-1 had relatively short bodies and well-developed
limbs with five digits. We, therefore, interpret PC-1 as an
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and total extant species richness for each clade. Radiographs (B-1)

index of elongation, separating lizard-like from snake-like species
(Fig. 3). PC-2 explained 21.5% of variance, and represented vari-
ation associated with head and body width (Table 1). We interpret
PC-2 as an index of robustness, where heavy-bodied species with
broad heads, such as Phrynosoma, and snakes belonging to the
Scolecophidia (e.g., Typhlopidae) have high PC-2 factor scores,
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Figure 2. A histogram of trunk vertebral numbers for 1375 squa-
mate species sampled in this study. The three right-most bars rep-
resent bins of unequal size to accommodate the long tail of the
distribution.

and gracile species such as Lialis, and Anolis have low PC-2 fac-
tor scores (Fig. 3). PC-3 explained 7.4% of variance and is not
considered further.

Trunk vertebral numbers and body shape coevolved in squa-
mates. There was a strong significant relationship between PICs
of log-transformed vertebral number and the degree of elongation
(PC-1), where species with more vertebrae had lower PC-1 val-
ues, SO were more serpentine (R* = 0.478, ty3 = —24.11, P <
0.0001; Fig. 4). There was no relationship between trunk verte-
bral number and the degree of robustness (PC-2) because of low
effect size (R? = 0.121, t436 = 3.06, P = 0.0023). These species-
level analysis results are further supported by clade-level results,
where clade ancestral vertebral number included as a covariate
and was significantly related to clade ancestral PC-1 and PC-2
values, again with low effect size for PC-2 (Table 2A).

VERTEBRAL NUMBER EVOLUTION, AND BODY
SHAPE AND TAXONOMIC DIVERSIFICATION

Our hypothesis that relaxed constraint on vertebral number fa-
cilitates body shape and, ultimately, taxonomic diversification

Table 1. PCA loadings, eigenvalues, and percent variance ex-
plained for the first two PCs for body shape variables analyzed.
n = 635. Factor loadings with 95% confidence intervals excluding
zero are in bold.

Variable PC-1 PC-2
Head width 0.1927 0.5993
Body length —0.3521 0.3557
Body width 0.1946 0.6282
Thigh width 0.4003 0.1445
Hind limb length 0.4173 0.0140
Foot length 0.3843 0.0030
Front digit no. 0.3964 —0.2265
Hind digit no. 0.4023 —-0.2176
Eigenvalue 4.95 1.72

% Variance 61.89 21.52

was partially supported. The rate of trunk vertebral evolution was
significantly related to aspects of body shape evolution. Specifi-
cally, we found that clades that evolved vertebral numbers quickly
evolved along the index of elongation (PC-1) more quickly and
had greater disparity in body shape than clades with lower rates
of vertebral number evolution (Table 2A). Despite a strong pat-
tern of pleomerism in squamates (Fig. 4), these relationships were
not confounded by vertebral number itself, which we included as
covariate (Table 2A). The rate of evolution in vertebral number
was not related to the rate of evolution in the degree of robustness
(PC-2), or to clade disparity in vertebral number (Table 2A). Fur-
thermore, there was no relationship with clade ancestral body
shape (PC-1 and PC-2), which was significantly related to the co-
variate, vertebral number (Table 2A). Despite this clear relation-
ship between the degree of constraint on vertebral number and
body shape diversification, rates of vertebral number evolution,
body shape evolution, or their disparities were not significantly
related to the rate of taxonomic diversification (Table 2B).

Our second hypothesis, that the evolution of high numbers
of vertebrae, which tend to be associated with snake-like body
shapes (Fig. 4), allows both morphological and taxonomic di-
versification, was rejected. We found no significant relationships
between ancestral vertebral numbers, taxonomic diversification
rate, and body shape evolution either at the clade level, using
standard PICs, or the species level, using macroCAIC (Table 3).
These findings were strongly supported using the BiSSE and
MuSSE models, taking incomplete taxonomic sampling into ac-
count. Here, the simplest, or character-independent, model fit our
data far better than the next best model, which was the uncon-
strained BiSSE model with a vertebral number cut-off of 30,
as opposed to 28. The MuSSE model with vertebral number
characterized with three character states fit our data the poorest
(Table 4). All models that estimated rates of speciation and/or ex-
tinction as dependent on vertebral number fit the data much more
poorly than the character-independent model (Table 4). A lack
of a significant relationship between vertebral number and body
shape evolution further supports the assertion that the tests of our
first hypothesis (Table 2) were not confounded by the observed
pattern of pleomerism (Fig. 4).

Discussion

DOES THE DEGREE OF CONSTRAINT ON VERTEBRAL
NUMBER EXPLAIN PATTERNS OF DIVERSITY?

We have demonstrated that a relaxation of constraint on the evolu-
tion of vertebral number has coincided with increased body shape
diversification in the Squamata, partially supporting our hypoth-
esis. Clades with increased rates of evolution in vertebral number
have evolved a greater disparity of body shapes more quickly than
clades with lower rates of vertebral number evolution (Table 2).
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Figure 3. A plot of squamate morphospace defined by PC-1 (an index of elongation) and PC-2 (an index of robustness). Symbols identify
species to major clade: ¢ Iguania, [] Varanoidea, + Scincoidea, o Gekkota, x Serpentiformes. Representative body shapes are shown in

each corner, with the extent of the head and tail demarcated. n = 635.

Such a relationship between vertebral and body shape evolution
is important to understanding how body shape can evolve through
changes in its vertebral components (Ward and Brainerd 2007).
One might expect that a high rate of vertebral number and body
shape evolution would contribute to taxonomic diversification be-
cause they would enable occupation of a wider variety of niches

PICs for PC-1

06 1 |
0.00 0.03 0.06 0.09

PICs for Log Vertebral Number

Figure 4. Phylogenetically independent contrasts of log trunk
vertebral number and PC-1. A regression line through the origin is
drawn for reference. n = 635.
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(Melville and Swain 2000; Van Damme and Vanhooydonck 2002;
Bergmann and Irschick 2010), but this was not the case (Table 2).
Therefore, our work generally supports the idea that relaxation
of constraints on vertebral number can facilitate the evolution of
novel phenotypes, but there appears to be a decoupling between
the evolution of form and the evolution of more species. This
suggests that the effects of constraints may be differential for dif-
ferent components of diversity, something also found in cetaceans
and triggerfish (Slater et al. 2010; Dornburg et al. 2011).

Two major aspects of body shape variation in many verte-
brates are the degree of elongation and the degree of robustness
or body width (this study; Ward and Brainerd 2007; Bergmann
et al. 2009; Goodman 2009). In squamates, relaxed constraints on
vertebral number have allowed for the diversification of clades
in the degree of body elongation, but not the degree of body ro-
bustness (Table 2). This result makes sense because numbers of
vertebrae contribute to body length (Ward and Brainerd 2007,
Brandley et al. 2008), but not body width, despite the fact that
the two features sometimes coevolve to produce long, attenuated
body shapes (Parra-Olea and Wake 2001; Greer and Wadsworth
2003). Although vertebral evolution is one way of evolving dif-
ferent body shapes, other skeletal elements are also involved,
which allow for changes in robustness as well. For example, there
is little variation in vertebral number in the Phrynosomatinae
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Table 2. Analyses related to testing the effects of a relaxation of
constraints on diversification. Presented are relationships of phy-
logenetically independent contrasts for squamate clades among
listed variables. “Vert #” represents log-transformed trunk verte-
bral number; when in parentheses, it is the covariate. P-values
significant after correction for multiple comparisons are in bold.

Variable 1 Variable 2 df R? t P
(A) Rate of Rate: PC-1 47 0219 256 0.0139
Vert #
evolution
(Vert #) 1.15 0.2549
Ancestor: PC-1 47 0.639 —0.38 0.7091
(Vert #) —7.79 <0.0001
Disparity: 43  0.284 —3.97 0.0003
PC-1,2
(Vert #) 0.92 0.3634
Disparity: Vert 49 0.098 —0.86 0.3938
#
(Vert #) —1.52 0.1346
Rate: PC-2 47 <0.001 0.30 0.7684
(Vert #) —0.25 0.8022
Ancestor: PC-2 47 0.275 —0.42 0.6777
(Vert #) 3.95 0.0003
(B) Taxon div. Rate: Vert # 49 <0.001 —0.04 0.9677
rate
Rate: PC-1 47 <0.001 0.04 0.9662
Rate: PC-2 47 0.105 —2.33  0.0244
Disparity: Vert 49 <0.001 0.01 0.9927
#
Disparity: 45 0.010 —0.65 0.5168
PC-1,2

(Fig. 1; range of 4, which is comparable to mammals—Slijper
1946), yet this clade includes species ranging from very gracile
to very robust (Bergmann et al. 2009). In contrast, the Acontias
clade exhibits far more variation in the degree of elongation of
body shape and trunk vertebral numbers range from 28 to 101
(this study).

DOES THE EVOLUTION OF MANY VERTEBRAE
EXPLAIN PATTERNS OF DIVERSITY?

Whether the evolution of many vertebrae represents a key innova-
tion in squamates is of particular interest in light of the significant
relationship between the degree of constraint on vertebral num-
ber and morphological diversification, and the strong pattern of
pleomerism. We found that although a snake-like body shape has
evolved many times (Brandley et al. 2008), it has neither spurred
on nor inhibited diversification, a pattern also seen in salaman-
ders (Parra-Olea and Wake 2001). Importantly, we observed this
lack of relationship with diversification both taxonomically and in
terms of body shape diversification, and so, while many vertebrae

Table 3. Analyses related to testing the effects of high verte-
bral number on diversification. Presented are relationships of phy-
logenetically independent contrasts for squamates. Clade-level
analyses relate ancestral reconstructions of vertebral number and
taxonomic diversification rate with listed variables. Species-level
analyses relate vertebral number, PC-1, and PC-2 values to tax-
onomic diversification rate using macroCAIC. “Vert #" represents

log-transformed trunk vertebral number.

Variable 1 Variable2 df R> ¢ P
Clade Ancestor: Rate: PC-1 47 0.123  2.33 0.0245
level Vert #
Rate: PC-2 47 0.001 —0.12 0.8777
Disparity: 43 0.035 —1.23 0.2275
PC-1,2
Taxon div. Ancestor: 49 0.001 0.22 0.8256
rate Vert #
Ancestor: 47 0.002 —0.26 0.7936
PC-1
Ancestor: 47 0.005 —0.47 0.6393
PC-2
Spp. Taxon div. Vert # 437 0.002 —0.57 0.5689
level rate
PC-1 241 0.009 1.78 0.0763
PC-2 241 0.004 —0.20 0.8416

do coincide with a snake-like body shape, they do not coincide
with the ability to evolve new body shapes or to speciate. This
has important implications for the diversification of snakes, sug-
gesting that although the origin of snakes may be associated with
the evolution of increased numbers of vertebrae, their subsequent
radiation is associated with other factors not studied by us. Snakes
were purposely under-represented in our analyses because they
have no intermediate forms between snake-like and lizard-like, are
highly derived, and have diversified into many niches subsequent
to their evolution (Greene 2000). The selective pressures that
were important during their evolution are likely no longer present
(Shine 1986), and so including a large sample of Serpentes would
have produced an outlier in our analyses. The diversification of
snakes is a separate question from the evolution of a snake-like
body shape, and its explanation does not lie with the number of
vertebrae they possess.

Our finding that it is a high rate of vertebral evolution, and
not high vertebral numbers, that has led to body shape diversifi-
cation is well illustrated by several examples. The Amphisbaenia,
a clade where all species have elongate bodies and many verte-
brae, has low rates of vertebral number evolution and low body
shape disparity (Fig. 1). In contrast, in clades with high rates of
vertebral evolution (e.g., the Anguis and Acontias clades), dispar-
ities in vertebral number and body shapes are both high (Fig. 1).
However, we note that changes in the degree of body elongation
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Table 4. Comparison of models of speciation and extinction, accounting for incomplete taxonomic sampling. For each model, n = 1375,
and the —In Likelihood, AICc, and Di are presented. The parameter estimates are also presented for each model: qo1 and g1 are the

rates of forward and backward evolution between character states (vertebral number), L\ is the speciation rate under each character

state, and py is the extinction rate under each character state. BiSSE 28 and BiSSE 30 indicate unconstrained BiSSE models with 28 and
30 vertebrae as the cut-off between the two possible states. Not all the parameters for the MuSSE model are shown because the model

fit so poorly.

Model qo1 q10 )\0 )\1 Ko W1 —InL AICc Di
Char. indep. 0.0268 4.31x 1078 —2218 —4444 Best
BiSSE 28 0.0007 0.0036 0.0768 0.0708 0.0250 0.0199 6516 13,008 17,452
BiSSE 30 0.0010 0.0013 0.0841 0.0517 0.0329 5.56 x 107° 6479 12,933 17,377
Equal \ 0.0007 0.0033 0.0749 0.0225 0.0253 6516 13,012 17,456
Equal p 0.0007 0.0034 0.0756 0.0733 0.0234 6516 13,012 17,456
MuSSE 0.0007 0.0050 0.0761 0.0819 0.0243 0.0277 6620 13,191 17,635

can be mediated either through changes in vertebral number or
length (Ward and Brainerd 2007; van Sittert et al. 2010), and we
only examined the former in this study.

MECHANISMS FOR THE EVOLUTION OF VERTEBRAL
NUMBER

One of our findings is that the degree of constraint on ver-
tebral numbers among squamate clades has evolved: some
are highly constrained whereas others are extremely variable
(Fig. 1). In mammals, an association between aberrant vertebral
numbers and a high incidence of cancer, mediated through a high
metabolic rate has been used as evidence of strong stabilizing
selection for invariable vertebral number (Galis 1999; Galis and
Metz 2007). Low metabolic rates and low incidence of cancer in
nonavian reptiles (Galis 1999) can explain some of our findings:
squamate clades with low constraint on vertebral number have
relaxed stabilizing selection on this trait due to the low incidence
of cancer. However, this hypothesis does not explain why some
squamate clades exhibit little variation in vertebral number (e.g.,
Gekkonidae, Phrynosomatinae—Fig. 1). In these clades, body
shape evolution still occurs, but along axes unrelated to vertebral
number, such as in the degree of robustness. This lack of variation
in some clades may be explained by constraints imposed by their
natural history (de Querioz 2002). For example, the possession
of adhesive pads in the Gekkonidae might constrain their body
shape disparity and rate of vertebral number evolution, both of
which are low (Fig. 1A).

Ultimately, it is the genetic mechanism controlling vertebral
number that has likely changed in response to selection on body
shape. In snakes, the anterior and posterior expansion of HoxC6
and HoxC8 expression domains is associated with loss of the
front limbs and an expansion of thoracic vertebrae (Cohn and
Tickle 1999). There is also decreased stabilizing selection on the
HoxD cluster in snakes relative to other amniotes (Di-Poi et al.
2010). However, these genes are involved in changes in vertebral
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identity, not in changes in vertebral numbers. Vertebral number is
controlled by a clock-and-wavefront mechanism (Pourquie 2003),
where the boundaries of somites, which are vertebral precursors,
are determined by a posteriorly moving wavefront of antagonistic
retinoic acid and Wnt/FGF gradients (Gomez and Pourquié¢ 2009)
interacting with the cyclic expression of lunatic fringe, which
forms the clock component (Pourquie 2003). Increased vertebral
number in snake-like squamates is a result of an increase in the
clock rate, which produces more somites (Gomez et al. 2008).
When the constraint on vertebral number is relaxed, selection
may be influencing the regulatory elements of lunatic fringe, me-
diating body shape diversification. The evolution of gene regula-
tory elements may be important for allowing phenotypes to evolve
without changing major pleiotropic genes (Jablonski 2000), which
is also hypothesized for Hox genes (Di-Poi et al. 2010).

DIVERSIFICATION ALONG MULTIPLE AXES

Our findings of discordance between morphological and taxo-
nomic diversification add to the studies showing that these com-
ponents of diversity often do not coincide (Foote 1993; Alfaro
etal. 2004; Roy et al. 2004; Alfaro et al. 2005; Adams et al. 2009).
There is growing consensus that taxonomic, morphological, and
functional/ecological aspects of diversity are all important to un-
derstanding clade diversification (Foote 1997; Roy et al. 2004;
Bursatte et al. 2008; McPeek 2008; Mouchet et al. 2010). An
important outcome of this work is that it broadens the persistent
question of why some clades diversify and others do not, to why
some clades diversify along different axes from other clades, and
why they diversify along one axis and not another.

Our research clearly shows that some clades are morphologi-
cally diverse but taxonomically poor, whereas others are the oppo-
site. Well-studied examples of adaptive radiation exhibit this pat-
tern as well, with Darwin’s finches (Grant 1986) and the Hawaiian
silversword alliance (Baldwin and Sanderson 1998) being taxo-
nomically depauperate but morphologically rich. In contrast, the
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Polychortinae, which includes Anolis lizards (Losos 2009), is
taxonomically rich, but exhibits relatively low morphological dis-
parity when compared to other squamate clades (Fig. 1A). These
examples suggest that such discordance between these types of
diversity may be a common feature in the tree of life. In addition
to discordance between morphological and taxonomic diversifica-
tion, our study illustrates how a trait (vertebral number), may not
be related to any metric of diversification, but its rate of evolution
may be.

Having evolved dozens of times, a snake-like body shape is a
major theme in vertebrate evolution (Parra-Olea and Wake 2001;
Pough et al. 2004; Ward and Brainerd 2007; Brandley et al. 2008),
and so it is tempting to hypothesize that elevated numbers of ver-
tebrae that often underlies this body shape constitute some sort
of key innovation. Our findings in squamates directly reject this
notion, suggesting instead that the rate of evolution of vertebral
number has allowed for body shape diversification. What remains
to be seen is whether there are common selective pressures result-
ing in this relaxed constraint on vertebral numbers, similarities in
underlying standing genetic variation (Schluter 1996), or whether
historical contingency (Jensen 1990; de Querioz 2002) has played
a role in the repeated evolution of a snake-like body shape. Al-
though we clearly show a relationship between vertebral diversity
and body shape diversity, the question of explaining taxonomic
diversity remains elusive. One possible bridge between morpho-
logical and taxonomic diversity is functional and ecological di-
versity (Wainwright 2007; Mouchet et al. 2010). The outstanding
question here is whether clades of squamates (or other taxa) with
increased morphological diversity actually fill a wider variety
of niches. This is an important prediction made by a hypothe-
sis of adaptive radiation (Schluter 2000), and deserves further
study.

ACKNOWLEDGMENTS

We thank O. R. P. Bininda-Emonds for considerable advice and help with
supertree construction. We thank H.J. Kim and J. Wu for help collecting
data; B.C. O’Meara, M.J. Sanderson, J.A. Schulte, and P.C. Wainwright
for advice with analyses; the FMNH (Chicago), MCZ (Harvard), UMMZ
(Ann Arbor), USNM (Smithsonian), UTA (Arlington), M.C. Brandley,
E.J. McElroy, and L.E. Hunt for access to specimens and radiographs.
We also thank M.E. Alfaro, K. Bergmann, R. Bergmann, A. Mooers,
C.L. Nunn, M.J. Sanderson, an anonymous reviewer and members of
the Irschick lab, and the Comparative Methods discussion group at the
University of Massachusetts Amherst for comments on various drafts.
This work was supported by an NSERC grant to PJB and an NSF grant
(I0OB 0421917) to DJI. The species-level supertree, clade-level tree, list
of taxa included in each clade, and vertebral and morphometric datasets
are archived with Data Dryad.

LITERATURE CITED

Abrams, P. A. 1986. Character displacement and nich shift analysed us-
ing consumer-resource models of competition. Theor. Popul. Biol. 29:
107-160.

Adams, D. C., C. M. Berns, K. H. Kozak, and J. J. Wiens. 2009. Are rates of
species diversification correlated with rates of morphological evolution?
Proc. R. Soc. Lond. B 276:2729-2738.

Agapow, P.-M., and N. J. B. Isaac. 2002. MacroCAIC: revealing correlates of
species richness by comparative analysis. Div. Distrib. 8:41-43.

Alfaro, M. E., D. I. Bolnick, and P. C. Wainwright. 2004. Evolutionary dynam-
ics of complex biomechanical systems: an example using the four-bar
mechanism. Evolution 58:495-503.

.2005. Evolutionary consequences of a redundant map of morphology
to mechanics: an example using the jaws of labrid fishes. Am. Nat.
165:E140-E154.

Alfaro, M. E., C. D. Brock, B. L. Banbury, and P. C. Wainwright. 2009.
Does evolutionary innovation in pharyngeal jaws lead to rapid lineage
diversification in labrid fishes? BMC Evol. Biol. 9:255-269.

Archibald, J. D., and D. H. Deutschmann. 2001. Quantitative analysis of the
timing of the origin and diversification of extant placental orders. J.
Mamm. Evol. 8:107-124.

Baldwin, B. G., and M. J. Sanderson. 1998. Age and rate of diversification of
the Hawaiian silversword alliance (Compositae). Proc. Nat. Acad. Sci.
95:9402-9406.

Baum, B. R., and M. A. Ragan. 2004. The MRP method. Pp. 17-34 in O.R. P.
Bininda-Emonds, ed. Phylogenetic supertrees: combining information

to reveal the tree of life. Kluwer, Dordrecht, Germany.

Benjamini, Y., and Y. Hochberg. 1995. Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J. R. Stat. Soc. B
57:289-300.

Bergmann, P. J., and D. J. Irschick. 2010. Alternate pathways of body shape
evolution translate into common patters of locomotor evolution in two
clades of lizards. Evolution 64:1569-1582.

Bergmann, P. J.,J. J. Meyers, and D. J. Irschick. 2009. Directional evolution of
stockiness co-evolves with ecology and locomotion in lizards. Evolution
63:215-227.

Bergmann, P. J., and A. P. Russell. 2007. Systematics and biogeography of
the widespread Neotropical gekkonid genus Thecadactylus (Squamata),
with a description of a new cryptic species. Zool. J. Linn. Soc. 149:
339-370.

Bininda-Emonds, O. R. P. 2004. The evolution of supertrees. Trends Ecol.
Evol. 19:315-322.

Bininda-Emonds, O. R. P,, R. M. D. Beck, and A. Purvis. 2005. Getting to the
roots of the matrix representation. Syst. Biol. 54:668—672.

Bininda-Emonds, O. R. P., M. Cardillo, K. E. Jones, R. D. E. MacPhee, R. M.
D. Beck, R. Grenyer, S. A. Price, R. Vos, J. L. Gittleman, and A. Purvis.
2007. The delayed rise of present-day mammals. Nature 446:507-512.

Bininda-Emonds, O. R. P., M. Cardillo, K. E. Jones, R. D. E. MacPhee, R.
M. D. Beck, R. Grenyer, S. A. Price, R. A. Vos, J. L. Gittleman, and A.
Purvis. 2008. Corrigendum: the delayed rise of present-day mammals.
Nature 456:274.

Bininda-Emonds, O. R. P., J. L. Gittleman, and A. Purvis. 1999. Building large
trees by combining phylogenetic information: a complete phylogeny of
the extant Carnivora (Mammalia). Biol. Rev. 74:143-175.

Bininda-Emonds, O. R. P,, J. L. Gittleman, and M. A. Steel. 2002. The (super)
tree of life: procedures, problems, and prospects. Annu. Rev. Ecol. Syst.
33:265-289.

Bininda-Emonds, O. R. P., K. E. Jones, S. A. Price, M. Cardillo, R. Grenyer,
and A. Purvis. 2004. Garbage in, garbage out: data issues in supertree
construction. Pp. 267-280 in O. R. P. Bininda-Emonds, ed. Phylogenetic
supertrees: combining information to reveal the tree of Life. Kluwer,
Dordrecht, Germany.

Bininda-Emonds, O. R. P, and M. J. Sanderson. 2001. Assessment of the
accuracy of matrix representation with parsimony analysis supertree
construction. Syst. Biol. 50:565-579.

EVOLUTION APRIL 2012 1055



P. J. BERGMANN AND D. J. IRSCHICK

Blomberg, S. P., T. Garland Jr., and A. R. Ives. 2003. Testing for phylogenetic
signal in comparative data: behavioral traits are more labile. Evolution
57:717-745.

Bowen, B. W. 1999. Preserving genes, species, or ecosystems? Healing the
fractured foundations of conservation policy. Mol. Ecol. 8:S5-S10.

Brainerd, E. L., and S. N. Patek. 1998. Vertebral column morphology, C-start
curvature, and the evolution of mechanical defenses in tetraodontiform
fishes. Copeia 1998:971-984.

Brakefield, P. M. 2006. Evo-devo and constraints on selection. Trends Ecol.
Evol. 21:362-368.

Brandley, M. C., J. P. Huelsenbeck, and J. J. Wiens. 2008. Rates and patterns
in the evolution of snake-like body form in squamate reptiles: evidence
for repeated re-evolution of lost digits and long-term persistence of
intermediate body forms. Evolution 62:2042-2064.

Buchholtz, E. A., and S. A. Schur. 2004. Vertebral osteology in Delphinidae
(etacea). Zool. J. Linn. Soc. 140:383-401.

Burnham, K. P, and D. R. Anderson. 1998. Model selection and multi-
model inference: a practical information-theoretic approach. Springer,
New York, USA.

Bursatte, S. L., M. J. Benton, M. Ruta, and G. T. Lloyd. 2008. Superiority,
competition, and opportunism in the evolutionary radiation of dinosaurs.
Science 321:1485-1488.

Caldwell, M. W. 1999. Squamate phylogeny and the relationships of snakes
and mosasauroids. Zool. J. Linn. Soc. 125:115-147.

Cardillo, M., O. R. P. Bininda-Emonds, and A. Purvis. 2004. A species-level
phylogenetic supertree of marsupials. J. Zool. Lond. 264:11-31.

Cohn, M. J., and C. Tickle. 1999. Developmental basis of limblessness and
axial patterning in snakes. Nature 399:474-479.

Collar, D. C., B. C. O’Meara, P. C. Wainwright, and T. J. Near. 2009. Pis-
civory limits diversification of feeding morphology in centrarchid fishes.
Evolution 63:1557-1573.

Collar, D. C., and P. C. Wainwright. 2006. Discordance between morpholog-
ical and mechanical diversity in the feeding mechanism of centrarchid
fishes. Evolution 601:2575-2584.

Cullinane, D. M. 2000. Axial versus appendicular: constraint versus selection.
Am. Zool. 40:136-145.

Darwin, C. 1859. The origin of species by means of natural selection or the
preservation of favoured races in the struggle for life. John Hurray,
London, England.

Davies, T. J., T. G. Barraclough, M. W. Chase, P. S. Soltis, D. E. Soltis,
and V. Savolainen. 2004. Darwin’s abominable mystery: insights
from a supertree of the angiosperms. Proc. Nat. Acad. Sci. 101:
1904-1909.

de Querioz, A. 2002. Contingent predictability in evolution: key traits and
diversification. Syst. Biol. 51:917-929.

Di-Poi, N., J. I. Montoya-Burgos, H. Miller, O. Pourquié, M. C. Milinkovitch,
and D. Duboule. 2010. Changes in Hox genes’ structure and func-
tion during the evolution of the squamate body plan. Nature 464:
99-103.

Dornburg, A., B. Sidlauskas, F. Santini, L. Sorenson, T. J. Near, and M. E.
Alfaro. 2011. The influence of an innovative locomotor strategy on the
phenotypic diversification of triggerfish (Family: Balistidae). Evolution
65:1912-1926.

Estes, R., K. de Queiroz, and J. Gauthier. 1988. Phylogenetic relationships
within the Squamata. Pp. 119-281 in R. Estes and G. K. Pregill, eds.
Phylogenetic relationships of the lizard families. Stanford Univ. Press,
Stanford, CA.

Eulenstein, O., D. Chen, J. G. Burleigh, D. Fernandez-Baca, and M. J.
Sanderson. 2004. Performance of flip supertree construction with a
heuristic algorithm. Syst. Biol. 53:299-308.

1056 EVOLUTION APRIL 2012

Felsenstein, J. 1985. Phylogenies and the comparative method. Am. Nat.
125:1-15.

Ferguson, J. W. H. 2002. On the use of genetic divergence for identifying
species. Biol. J. Linn. Soc. 75:509-516.

Fernandes, C. C., J. Podos, and J. G. Lundberg. 2004. Amazonian ecol-
ogy: tributaries enhance the diversity of electric fishes. Science 305:
1960-1962.

FitzJohn, R. G. 2010. Quantitative traits and diversification. Syst. Biol.
59:619-633.

FitzJohn, R. G., W. P. Maddison, and S. P. Otto. 2009. Estimating trait-
dependent speciation and extinction rates from incompletely resolved
phylogenies. Syst. Biol. 58:595-611.

Foote, M. 1993. Discordance and concordance between morphological and
taxonomic diversity. Paleobiology 19:185-204.

. 1997. The evolution of morphological diversity. Annu. Rev. Ecol.
Syst. 28:129-152.

Freckleton, R. P, and P. H. Harvey. 2006. Detecting non-Brownian trait evo-
lution in adaptive radiations. PLOS Biol. 4:2104-2111.

Futuyma, D. J. 2010. Evolutionary constraint and ecological consequences.
Evolution 64:1865-1884.

Galis, F. 1999. Why do almost all mammals have seven cervical vertebrae?

Developmental constraints, Hox genes, and cancer. J. Exp. Zool. B
285:19-26.

Galis, F, and J. A. J. Metz. 2007. Evolutionary novelties: the mak-
ing and breaking of pleiotropic constraints. Integr. Comp. Biol. 47:
409-419.

Garcia, L. V. 2004. Escaping the Bonferroni iron claw in ecological studies.
Oikos 105:357-363.

Garland, T., P. H. Harvey, and A. R. Ives. 1992. Procedures for the analysis
of comparative data using phylogenetically independent contrasts. Syst.
Biol. 41:18-32.

Gatesy, J., and M. S. Springer. 2004. A critique of matrix representation
with parsimony supertrees. Pp. 369-388 in O. R. P. Bininda-Emonds,
ed. Phylogenetic supertrees: combining information to reveal the tree of
life. Kluwer, Dordrecht, Germany.

Gavrilets, S., and J. B. Losos. 2009. Adaptive radiation: contrasting theory
with data. Science 323:732-737.

Gillooly, J. F, J. H. Brown, G. B. West, V. M. Savage, and E. L. Charnov.
2001. Effects of size and temperature on metabolic rate. Science 293:
2248-2251.

Gomez, C., E. M. Ozbudak, J. Wunderlich, D. Baumann, J. Lewis, and O.
Pourquie. 2008. Control of segment number in vertebrate embryos.
Nature 454:335-339.

Gomez, C., and O. Pourquié. 2009. Developmental control of segment num-
bers in vertebrates. J. Exp. Zool. B 312:533-544.

Goodman, B. A. 2009. Nowhere to run: the role of habitat openness and refuge
use in defining patterns of morphological and performance evolution in
tropical lizards. J. Evol. Biol. 22:1535-1544.

Gould, S. J. 2002. The structure of evolutionary theory. Harvard Univ. Press,
Cambridge, USA.

Grant, P. R. 1986. Ecology and evolution of Darwin’s finches. Princeton Univ.
Press, Princeton, USA.

Greene, H. W. 2000. Snakes: the evolution of mystery in nature. Univ. of
California Press, Berkeley, USA.

Greer, A. E. 1987. Limb reduction in the lizard genus Lerista. 1. Variation
in the number of phalanges and presacral vertebrae. J. Herpetol. 21:
267-276.

. 1990. Limb reduction in the scincid lizard genus Lerista. 2. Variation

in the bone complements of the front and rear limbs and the number of

postsacral vertebrae. J. Herpet. 24:142—-150.




VERTEBRAL EVOLUTION IN LIZARDS

. 1991. Limb reduction in squamates: identification of the lineages and
discussion of the trends. J. Herpetol. 25:166—173.

Greer, A. E., and L. Wadsworth. 2003. Body shape in skinks: the relation-
ship between relative hind limb length and relative snout-vent length. J.
Herpetol. 37:554-559.

Hall, T. A. 1999. BioEdit: a user-friendly biological sequence alignment editor
and analysis program for Windows 95/98/NT. Nuc. Acids Symp. Ser.
41:95-98.

Harmon, L. J., J. B. Losos, T. J. Davies, R. G. Gillespie, J. L. Gittleman,
W. B. Jennings, K. H. Kozak, M. A. McPeek, F. Moreno-Roark, T. J.
Near, et al. 2010. Early bursts of body size and shape evolution are rare
in comparative data. Evolution 64:2385-2396.

Harmon, L. J., J. A. Schulte, A. Larson, and J. B. Losos. 2003. Tempo
and mode of evolutionary radiation in iguanian lizards. Science 301:
961-964.

Harris, D.J.,J. C. Marshall, and K. A. Crandall. 2001. Squamate relationships
based on C-mos nuclear DNA sequences: increased taxon sampling
improves bootstrap support. Amphibia-Reptilia 22:235-242.

Hodges, S. A., and M. L. Arnold. 1995. Spurring plant diversification:
are floral nectar spurs a key innovation? Proc. R. Soc. Lond. B 262:
343-348.

Hunter, J. P. 1998. Key innovations and the ecology of macroevolution. Trends
Ecol. Evol. 13:31-36.

Jablonski, D. 2000. Micro- and macroevolution: scale and hierarchy in evolu-
tionary biology and paleobiology. Paleobiology 26:15-52.

Jensen, J. S. 1990. Plausibility and testability: assessing the consequences of
evolutionary innovation. Pp. 171-190 in M. Nitecki, ed. Evolutionary
innovations. Univ. of Chicago Press, Chicago, USA.

Lee, M. S. Y. 1998. Convergent evolution and character correlation in bur-
rowing reptiles: towards a resolution of squamate relationships. Biol. J.
Linn. Soc. 65:369-453.

Liem, K. F. 1973. Evolutionary strategies and morphological innovations:
cichlid pharyngeal jaws. Syst. Zool. 22:425-441.

Losos, J. B. 2009. Lizards in an evolutionary tree. California Univ. Press,
Berkeley, USA.

Lynch, V. J. 2009. Live-birth in vipers (Viperidae) is a key innovation
and adaptation to global cooling during the Cenozoic. Evolution 63:
2457-2465.

Maddison, W. P., and D. R. Maddison. 2010. Mesquite: a modular system
for evolutionary analysis v.2.6. Available at http://mesquiteproject.org.
Accessed July 4, 2010.

Maddison, W. P., P. E. Midford, and S. P. Otto. 2007. Estimating a binary
character’s effect on speciation and extinction. Syst. Biol. 56:701-710.

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

Mayr, E. 1963. Animal species and evolution. Harvard Univ. Press,
Cambridge, USA.

McPeek, M. A. 2008. The ecological dynamics of clade diversification and
community assembly. Am. Nat. 172:E270-E284.

Melville, J., and R. Swain. 2000. Evolutionary relationships between morphol-
ogy, performance and habitat openness in the lizard genus Niveoscincus
(Scincidae: Lygosominae). Biol. J. Linn. Soc. 70:667-683.

Mitter, C., B. Farrell, and B. Wiegmann. 1988. The phylogenetic study of
adaptive zones: has phytophagy promoted insect diversification? Am.
Nat. 132:107-128.

Moore, B. R., S. A. Smith, and M. J. Donoghue. 2006. Increasing data
transparency and estimating phylogenetic uncertainty in supertrees: ap-
proaches using nonparametric bootstrapping. Syst. Biol. 55:662-676.

Moran, M. D. 2003. Arguments for rejecting the sequential Bonferroni in
ecological studies. Oikos 100:403—405.

Mouchet, M. A., S. Villéger, N. W. H. Mason, and D. Mouillot. 2010.

Functional diversity measures: an overview of their redundancy and
their ability to discriminate community assembly rules. Func. Ecol. 24:
867-876.

Neige, P. 2003. Spatial patterns of disparity and diversity of the recent cuttle-
fishes (Cephalopoda) across the Old World. J. Biogeogr. 30:1125-1137.

Nixon, K. C. 1999. The Parsimony Ratchet, a new method for rapid parsimony
analysis. Cladistics 15:407-414.

O’Meara, B. C., C. Ane, M. J. Sanderson, and P. C. Wainwright. 2006. Test-
ing for different rates of continuous trait evolution using likelihood.
Evolution 60:922-933.

Parra-Olea, G., and D. B. Wake. 2001. Extreme morphological and eco-
logical homoplasy in tropical salamanders. Proc. Nat. Acad. Sci. 98:
7888-7891.

Pennisi, E. 2005. What determines species diversity? Science 309:90.

Pianka, E. R., and L. J. Vitt. 2003. Lizards: windows to the evolution of
diversity. Univ. of California Press, Berkeley, USA.

Polly, P. D., J. J. Head, and M. J. Cohn. 2001. Testing modularity and disso-
ciation: the evolution of regional proportions in snakes. Pp. 305-335 in
M. L. Zelditch, ed. Beyond heterochrony: the evolution of development.
Wiley-Liss, Inc., New York, NY.

Porter, M. E., C. M. Roque, and J. H. Long. 2009. Turning maneuvers in
sharks: predicting body curvature from axial morphology. J. Morphol.
270:954-965.

Posada, D., and K. A. Crandall. 1998. MODELTEST: testing the model of
DNA substitution. Bioinformatics 14:817-818.

Pough, F. H., R. M. Andrews, J. E. Cadle, M. L. Crump, A. H. Savitzky, and
K. D. Wells. 2004. Herpetology, 3rd edn. Pearson Education Inc., Upper
Saddle River, USA.

Pough, F. H., M. R. Preest, and M. Fusari. 1997. Prey-handling and the
evolutionary ecology of sand-swimming lizards (Lerista: Scincidae).
Oecologia 112:351-361.

Pourquie, O. 2003. The segmentation clock: Converting embryonic time to
spatial pattern. Science 301:328-330.

Presch, W. 1975. The evolution of limb reduction in the teiid lizard genus
Bachia. Bull. South. Calif. Acad. Sci. 74:113-121.

Purvis, A., S. Nee, and P. H. Harvey. 1995. Macroevolutionary inferences
from primate phylogeny. Proc. R. Soc. Lond. B 260:329-333.

Rasband, W. 2002. Image J, v.1.29. NIH, Bethesda.

R Core Development Team 2008. R: a language and environment for statistical
computing. Vienna, Austria. Available at www.r-project.org. Accessed
January 28, 2011.

Rice, W. R. 1989. Analyzing tables of statistical tests. Evolution 43:223-225.

Ricklefs, R. E. 2004. A comprehensive framework for global patterns in
biodiversity. Ecol. Lett. 7:1-15.

Ricklefs, R. E., J. B. Losos, and T. Townsend. 2007. Evolutionary diversifica-
tion of clades of squamate reptiles. J. Evol. Biol. 20:1751-1762.

Roy, K., D. P. Blalch, and M. E. Hellberg. 2001. Spatial patterns of mor-
phological diversity across the Indo- pacific: analyses using strombid
gastropods. Proc. R. Soc. Lond. B 268:2503-2508.

Roy, K., D. Jablonski, and J. W. Valentine. 2004. Beyond species richness:
biogeographic patterns and biodiversity dynamics using other metrics
of diversity. Pp. 151-170 in M. V. Lomolino and L. R. Heaney, eds.
Frontiers of biogeography: new directions in the geography of nature.
Sinauer, Sunderland, USA.

Salamin, N., T. R. Hodkinson, and V. Savolainen. 2002. Building supertrees:
an empirical assessment using the grass family (Poaceae). Syst. Biol.
51:136-150.

Sanderson, M. J., and A. C. Driskell. 2003. The challenge of constructing
large phylogenetic trees. Trends Ecol. Evol. 8:374-379.

Sanderson, M. J., A. Purvis, and C. Henze. 1998. Phylogenetic supertrees:
assembling the trees of life. Trends Ecol. Evol. 13:105-109.

EVOLUTION APRIL 2012 1057



P. J. BERGMANN AND D. J. IRSCHICK

Schluter, D. 1996. Adaptive radiation along genetic lines of least resistance.
Evolution 50:1768-1774.

.2000. The ecology of adaptive radiation. Oxford Univ. Press, Oxford,
England.

Schluter, D., T. Price, A. O. Moores, and D. Ludwig. 1997. Likelihood of
ancestor states in adaptive radiation. Evolution 51:1699-1711.

Schwenk, K., and G. P. Wagner. 2003. Constraint. Pp. 52-61 in B. K. Hall
and W. M. Olson, eds. Key words and concepts in evolutionary devel-
opmental biology. Harvard Univ. Press, Cambridge, USA.

Shine, R. 1986. Evolutionary advantages of limblessness: evidence from the
pygopodid lizards. Copeia 1986:525-529.

. 2000. Vertebral numbers in male and female snakes: the roles of

natural, sexual and fecundity selection. J. Evol. Biol. 13:455-465.

Sidlauskas, B. 2008. Continuous and arrested morphological diversification
in sister clades of Characiform fishes: a phylomorphospace approach.
Evolution 62:3135-3156.

Sikes, D. S., and P. O. Lewis. 2001. PAUPRat: PAUP* implementation of the
parsimony ratchet, version 1 beta. University of Connecticut, Storrs, CT.

Simpson, G. G. 1944, Tempo and mode in evolution. Columbia Univ. Press,
New York, USA.

Slater, G. J., S. A. Price, F. Santini, and M. E. Alfaro. 2010. Diversity vs.
disparity and the evolution of modern cetaceans. Proc. R. Soc. Lond. B
277:3097-3104.

Slijper, E. J. 1946. Comparative biologic-anatomical investigations on the
vertebral column and spinal musculature of mammals. Verhandeling
der Koninklijke Ned. Akademie van Wetenschappen, Afdeeling Natu-
urkunde 42:1-128.

Stamatakis, A. 2006. RAXML-VI-HPC: maximum likelihood-based phyloge-
netic analyses with thousands of taxa and mixed models. Bioinformatics
22:2688-2690.

Swotford, D. L. 2002. PAUP*. Phylogenetic analysis using parsimony (*and
other methods). Version 4. Sinauer Associates, Sunderland, USA.
Thompson, J. D., T. L. Gibson, F. Plewniak, F. Jeanmougin, and D. G. Higgins.
1997. The ClustalX Windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nuc. Acids Res.

25:4876-4882.

Townsend, T. M., A. Larson, E. Louis, and J. R. Macey. 2004. Molecular
phylogenetics of Squamata: the position of snakes, Amphisbaenians,
and Dibamids, and the root of the Squamate tree. Syst. Biol. 53:735—
757.

Uetz, P, J. Goll, and J. Hallermann. 2007. Die TIGR-Reptiliendatenbank.
Elaphe 15:22-25.

van Damme, R., and B. Vanhooydonck. 2002. Speed versus manoeuverability:
association between vertebral number and habitat structure in lacertid
lizards. J. Zool. Lond. 258:327-334.

van Sittert, S. J., J. D. Skinner, and G. Mitchell. 2010. From fetus to adult—
an allometric analysis of the giraffe vertebral column. J. Exp. Zool. B
314:469-479.

Vidal, N., and S. B. Hedges. 2004. Molecular evidence for a terrestrial origin
of snakes. Proc. R. Soc. Lond. B 271:5226-S229.

Wagner, G. P. 1988. The significance of developmental constraints for phe-
notypic evolution by natural selection. Pp. 222-229 in G. de Jong, ed.
Population genetics and evolution. Springer, Heidelberg.

Wainwright, P. C. 2007. Functional versus morphological diversity in
macroevolution. Annu. Rev. Ecol. Syst. 38:381-401.

Wake, D. B. 1991. Homoplasy: the result of natural selection, or evidence of
design limitations? Am. Nat. 138:543-567.

Walsh, M. R., S. B. Munch, S. Chiba, and D. O. Conover. 2006. Maladaptive
changes in multiple traits caused by fishing: impediments to population
recovery. Ecol. Lett. 9:142—-148.

Ward, A. B., and E. L. Brainerd. 2007. Evolution of axial patterning in elongate
fishes. Biol. J. Linn. Soc. 90:97-116.

Wiens, J. J., M. C. Brandley, and T. W. Reeder. 2006. Why does a trait evolve
multiple times within a clade? Repeated evolution of snakelike body
form in squamate reptiles. Evolution 60:123-141.

Wiens, J. J., and T. A. Penkrot. 2002. Delimiting species using DNA and
morphological variation and discordant species limits in spiny lizards
(Sceloporus). Syst. Biol. 51:69-91.

Wiens, J. J., and J. L. Singluff. 2001. How lizards turn into snakes: a phy-
logenetic analysis of body form evolution in anguid lizards. Evolution
55:2303-2318.

Williams, V. S. L., L. V. Jones, and J. W. Tukey. 1999. Controlling error in
multiple comparisons, with examples from state-to-state differences in
educational achievement. J. Educ. Behav. Stat. 24:42-69.

Yamabhira, K., T. E. Lankford Jr., and D. O. Conover. 2006. Intra- and in-
terspecific variation in vertebral number of Menidia spp. (Teleostei:
Atherinopsidae). Copeia 3:431-436.

Young, R. L., T. S. Haselkorn, and A. V. Badyaev. 2007. Functional equiva-
lence of morphologies enables morphological and ecological diversity.
Evolution 61:2480-2492.

Associate Editor: M. Alfaro

Supporting Information

of each model are presented for each gene.

The following supporting information is available for this article:

Table S1. The number of taxa for which the gene was represented, the number of base pairs (bp) used, the type of gene (mt =
mitochondrial; nc = nuclear), the best fitting model of sequence evolution, the model’s relative weight (w;), and the In Likelihood

Table S2. Fossil names, ages, and the node on the supertree that it dates and references are presented.
Table S3. Number of source studies and trees differ when multiple trees were used from a given study. Data type counts exceed
source tree counts because some trees included multiple data sources.

Supporting Information may be found in the online version of this article.

Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be directed to the corresponding author for the article.

1058 EVOLUTION APRIL 2012



