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“Which came first, the chicken or the egg?”
“The chicken.”
“What about the egg?”
“Okay, the egg.”

‐George Carlin,WhenWill Jesus Bring the Pork Chops?

Among most amniotes, parity mode is a highly conserved trait
(Pough et al., 2013). Birds, crocodilians, turtles, and monotreme
mammals are strictly oviparous (egg‐laying), while metatherian
and eutherian mammals are strictly viviparous (live‐bearing),
with highly developed placentae. In contrast, squamate reptiles
exhibit a complex mosaic of oviparous and viviparous species,
with �115 lineages exhibiting viviparity and varying degrees of
placentation (Sites et al., 2011). A particular evolutionary
scenario, favoring the recent, frequent origin of viviparity
from oviparity has traditionally been used as the paradigm to
interpret this distribution of parity modes (Blackburn, '99).
In this scenario, squamates were ancestrally oviparous, and the

115 viviparous lineages represent approximately 115 independ-
ent origins of viviparity (Lee and Shine, '98). Evidence suggests
that viviparity frequently evolves in marginal or unstable
climates (particularly temperate areas), where embryo retention
promotes initial offspring survival (Shine, '83; Lambert and

Wiens, 2013). This increases maternal costs for reproduction, and
thus represents a trade‐off when egg mortality is higher
(Schwarzkopf andAndrews, 2012). This is not universal, however,
as numerous viviparous lineages apparently evolved in tropical
areas alongside oviparous species, where climatic effects on egg
mortality are seemingly reduced (Tinkle and Gibbons, '77).
Afinal point in this paradigm is that the evolution of viviparity

is irreversible; that oviparity never (or very rarely) re‐evolves in
viviparous lineages (Blackburn, '99; Shine and Lee, '99). The
eggshell has traditionally been considered a “complex” trait that
is unlikely to be re‐gained, due to the intricate physiological
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mechanisms needed to form and deposit a calcified cuticle, shell,
and membranes (Lee and Shine, '98). To summarize, the
traditional paradigm for parity‐mode evolution in squamates
holds that oviparity is the ancestral state, and that viviparity
evolution is: (i) recent, and commonly occurs in response to
temperate ecological conditions; (ii) frequent, having occurred in
�115 extant lineages; and (iii) essentially irreversible (Blackburn,
2006; Shine, 2014).
In contrast, several lines of evidence suggest that this paradigm

is inadequate for a complete understanding of parity‐mode
evolution in squamates. First, the number of �115 independent
origins is based on pre‐phylogenetic hypotheses of squamate
relationships, andmany of the�115 lineages now known to form
fewer, more inclusive clades (Pyron et al., 2013). This suggests
that viviparity evolved earlier in the history of squamates, due to
the older age of these more inclusive clades (Schulte andMoreno‐
Roark, 2010). Related to this point, numerous viviparous lineages
are known from the fossil record as early as the Cretaceous,
including mosasaurs and other stem diapsids (Wang and Evans,
2011). This suggests that viviparity has been a constant feature
throughout the history of squamates, and not solely a recent
phenomenon.
Some lizard lineages also present examples of oviparous taxa

nested deep within otherwise‐viviparous clades, such as
Anguidae and Scincidae (Lee and Shine, '98). One study actually
suggested that reversal to oviparity was relatively common in
numerous lineages, including snakes, anguids, and scincids (de
Fraipont et al., '96). That study was criticized, however, because
of problems with the datasets and phylogenetic analyses (de
Fraipont et al., '99), and most researchers do not typically accept
these conclusions (Blackburn, '99; Shine and Lee, '99).
While reversals from viviparity to oviparity seem controver-

sial, there are several taxa for which re‐evolution of the eggshell
is hard to contest, given that these taxa are a firmly established to
be of recent origin and part of larger viviparous clades (Lee and
Shine, '98). These include Eryx jayakari and Lachesis (Lynch and
Wagner, 2010; Fenwick et al., 2012), which are both deeply nested
within viviparous lineages (Erycidae and Crotalinae). Support for
reversal to oviparity is strong given the single best tree for
Lachesis and for Eryx (Lynch and Wagner, 2010; Fenwick et al.,
2012), which also lacks an egg tooth that characterizes other
oviparous squamates.
If Dollo's Law, suggesting that complex traits are unlikely to re‐

evolve (Gould, '70), were followed strictly throughout the
squamate tree, it would suggest that a large number of viviparity
origins (at least five for both Eryx and Lachesis) would need to
have occurred to accommodate oviparous taxa deeply nested
within these viviparous clades. A number of comparative studies
have demonstrated recently that strict adherence to Dollo's Law is
often not supported using model‐based phylogenetic tests for the
re‐evolution of complex traits such as larval stages in frogs and
salamanders, shell coiling in limpets, wings in insects, and

mandibular teeth in frogs (Collin and Cipriani, 2003; Whiting
et al., 2003; Chippindale et al., 2004; Wiens et al., 2007; Wiens,
2011).
Indeed, violating Dollo's Law seems to be the standard (though

certainly not uncontroversial) for the origins of many complex
characters in squamates, such as the re‐evolution of digits
(Kohlsdorf and Wagner, 2006; Brandley et al., 2008; Goldberg
and Igic, 2008; Galis et al., 2010; Kohlsdorf et al., 2010), and likely
the re‐evolution of dangerous venoms distributed throughout
Elapidae, Viperidae, Colubridae, Helodermatidae, and other
squamates (Fry, 2005; Fry et al., 2006). A host of other untested
traits, such as mechanisms necessary for hibernation, gliding,
and most types of habitat associations (Sites et al., 2011), are also
widely distributed among unrelated lineages, and may also
represent “re‐evolution” or “re‐gain” throughout Squamata. For
instance, we do not speak of repeated instances of “re‐evolution”
of behaviors such as nocturnality or hibernation, despite the fact
they were likely present in ancestral lineages, and have been “re‐
gained” in many extant clades.
We suggest that failing to account for re‐evolution of complex

traits hampers a proper understanding of rates of character
evolution, the influence of the environment on trait selection,
the genomic basis for the complex trait expression, and
ultimately homology (or the lack there of) among re‐evolved
complex traits (Collin and Miglietta, 2008). It is important to
note that none of these traits (including oviparity) truly appear
to be “re‐evolved” in the sense of being obtained de novo, but
rather it is likely that the raw genetic machinery is being
repeatedly and independently co‐opted for purposes to which it
was previously adapted (Marshall et al., '94; Dingle, 2003), and is
thus pre‐adapted or exapted for “re‐gain” of the associated
traits.
Thus, some lingering doubts remain about the traditional

paradigm of parity‐mode evolution in squamates, given the
evidence from the fossil record and some strongly supported
reversals to oviparity. Along these lines, we recently presented a
new analysis that incorporates a large‐scale reconstruction of
ancestral parity modes across squamates (Pyron and Burbrink,
2014). We also tested for a relationship between parity mode and
diversification rate, and between parity mode and climatic niche.
There is a strong relationship between climatic niche and parity
mode, where viviparous species typically inhabit areas with lower
mean annual temperatures (Hodges, 2004; Lambert and Wiens,
2013). As noted above, this does not explain the origin of all
viviparous lineages, given their frequency in the tropics.
There is also a strong relationship between diversification rate

and parity mode, as viviparous lineages have high speciation and
extinction, and thus low net diversification and high relative
extinction (turnover). This indicates that ordinary methods for
ancestral‐state reconstruction will be misled by the biased
representation of states among the extant species. (Maddison,
2006; Paradis, 2008) We accounted for this by estimating

468 PYRON AND BURBRINK

J. Exp. Zool. (Mol. Dev. Evol.)



ancestral states using state‐dependent methods (Maddison et al.,
2007).
Surprisingly, we found strong support for viviparity as the

ancestral state of Squamata �175Ma, yielding 34 origins of
viviparity (including the root), and 59 reversals to oviparity
across the history of squamates. Even under maximum
parsimony, viviparity originates as early as the stem lineage of
Scincoidea (�150Ma), with at least 12 unambiguous reversals to
oviparity across Squamata. Short of enforcing irreversibility, this
spans the range of potential models for origin and reversal, and
suggests that reversals to oviparity have not been infrequent in
Squamata, yielding 0.07–0.34 reversals per million years. This is
not common per se, as there are >9500 extant squamates, and
still represents fewer changes (93) than the �115 origins posited
by the previous models.
Enforcing a model of irreversibility, we estimated 121 recent

origins, as in the traditional paradigm. These models represent
opposite ends of a spectrum, ranging from an early origin of
viviparity with frequent reversals, to frequent recent origins that
are irreversible. Our study is not free from limitations, as we did
not consider phylogenetic uncertainty in the SSE analyses or
use a phylogeny including all species, and the SSE analyses
enforced a single set of transition rates across all lineages,
when these seem quite likely to vary considerably among
groups. Thus, the true history of parity mode in squamates likely
lies somewhere along this continuum, rather than at either
extreme.
It seems clear that reversals to oviparity in squamates have

happened on a number of occasions. However, we highlight some
improvements for future phylogenetic comparative analyses to
understand parity evolution in squamates. First, while the tree
used in our analyses represents the largest phylogenetic
hypotheses for squamates to date, it still includes less than 1/2

of the extant taxa. Including a majority of species is paramount
for sampling the diversity of parity states for proper estimation of
rate changes and ancestral states. Additionally, sampling more
independent loci is important for generating species trees, where
distinct gene‐histories are accommodated in a coalescent
framework to yield better topologies and branch lengths
(Edwards and Beerli, 2000; Edwards, 2009). Taxon sampling,
topology, and branch lengths are all known to affect comparative
analyses (Diaz‐Uriarte and Garland, '98; Burbrink and Pyron,
2011), and having credible estimates of all three is important for
ancestral character estimation.
We also expect that improved models that incorporate fossil

taxa and states, and account for heterogeneous rates of character
change throughout the phylogeny, will generally yield a better
understanding of parity‐mode evolution. Finally, assessing
homology of states (e.g., is oviparity homologous throughout
Squamata) is important but under studied, and crucial for
properly integrating traits and phylogeny. We suggest that the
way forward is to incorporate information from physiological,

developmental and genomic studies about the nature of these
states, data that remain to be gathered.
It is unlikely that phylogenetic analyses alone will suffice to

understand the evolution of parity mode in squamates,
particularly with respect to the likelihood, mechanism, and
frequency of transitions to and from oviparity. Distinguishing
between such hypotheses will now require more detailed species‐
level data regarding reproduction. The missing egg‐tooth of E.
jayakari provides a key example of this. All egg‐laying snakes
(but no live‐bearing boas) have an egg tooth (a modified tooth
projecting out from themaxillary) that facilitates slicing open the
leathery eggshell from the inside, so that the neonate can emerge.
In contrast, E. jayakari lacks this egg tooth, suggesting that
oviparity is derived in the species from viviparous relatives that
also lack egg teeth, and that this helpful butminor functional trait
has not also been regained along with the eggshell. Thus, the
main question becomes: how do various lineages representing
putative origins of and reversals to oviparity resemble or
differ from each other genetically, developmentally, and
physiologically?
Numerous studies have examined ecophysiological aspects of

parity mode, such as the effects of maternal behavior on
incubation temperature, and the effects of these temperatures on
offspring survival (Shine, 2002, 2004, 2006). These are likely to
continue being a valuable source of data regarding the form,
function, and evolution of different reproductive strategies. With
respect to specific hypotheses of transition and reversal, we
anticipate strong inference can be made via three additional lines
of evidence: genetic, developmental, and physiological (Van
Dyke et al., 2014).
First, what underlying genetic mechanisms are responsible

for the primary functions of eggshell deposition or uterine
embryo‐retention? What promoter regions or other regulatory
complexes are responsible for expressing these genes in various
lineages? Most importantly, are the same genomic regions
responsible for oviparous or viviparous reproduction (e.g.,
genes coding for tissues, hormones, and structures related to
pregnancy and placentae or eggshells) in different lineages?
This seems to be a topic about which little is known at present. If
different gene complexes have been recruited for eggshell
development in different oviparous lineages that represent
putative reversals to oviparity, this would be strong evidence for
such reversals.
Conversely, it may be found that the promoter regions or other

regulatory complexes responsible for eggshells are simply
switched off during the transition to viviparity, but are
maintained by selection in a functional or dormant state in the
genome of viviparous lineages, and need only be reactivated or
re‐formulated for the eggshell to be regained. Such a process (re‐
activation of functional gene‐complexes) has been commonly
reported as a mechanism for the regain of complex traits in other
organisms, such as sex combs in Drosophila (Seher et al., 2012),
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hand musculature in primates (Diogo and Wood, 2012), and
sexuality in oribatid mites (Domes et al., 2007).
Alternatively, if the genes responsible for eggshell develop-

ment are found in a degraded state in all viviparous lineages, and
all oviparous lineages exhibit seemingly homologous functional
copies of the same underlying genomic regions, this would be
stronger evidence for irreversibility under the traditional
paradigm (Zufall and Rausher, 2004), though de novo origin of
these traits would remain a possibility. Annotated squamate
genomes are becoming increasingly available to answer these
questions (Alfoldi et al., 2011; Castoe et al., 2013), and
transcriptomes from relevant tissues will also likely be helpful
for identifying functional genomic regions. Transcriptomic
analyses of one viviparous species (Chalcides) reveal both
homology and convergence in the genetic mechanisms of
placentation and pregnancy in mammals and squamates
(Brandley et al., 2012). How these vary across species is a crucial
next question.
Second, what are the developmental pathways for eggshell

formation and calcium deposition among oviparous lineages,
and placental formation in viviparous taxa? Little is known
comparatively across many species and groups of squamates
about the developmental sequence of eggshells or placentae
(Blackburn, '93; Blackburn and Flemming, 2007; Blackburn and
Flemming, 2009; Stewart and Thompson, 2009). Homogeneity of
development within lineages compared to drastically different
sequences among lineages representing putative reversals would
support hypotheses of eggshell regain. In contrast, heterogeneity
of development in viviparous lineages, with high similarity
among oviparous lineages, would support the traditional
paradigm.
Third, what are the physiological attributes of the major

functional traits in different oviparous and viviparous lineages?
The egg tooth is a key example of this, and is missing in at least
one putative reversal to oviparity (E. jayakari). Are there major
differences in the structure or composition of eggshells and
placentae among lineages representing putative origins of and
reversals? Little histological information is available for most
lineages (Heulin et al., 2002; Stewart et al., 2010).
If lineages representing putative regains of the eggshell present

with drastically different eggshell compositions, this would
potentially support hypotheses of reversal. For instance, gecko
eggs are very different from other squamates in terms of histology
and amino‐acid profiles (Sexton et al., 2005). If such differences
were common across different lineages, it would support
hypotheses of reversal, indicating that the eggshell has re‐
evolved, and was re‐constructed differently each time.
In contrast, if eggshells in all oviparous lineages have the same

physiological properties, originate from the same developmental
pathways, and are coded for by the same genomic regions, this
would cast serious doubt on the hypothesis of frequent reversal.
The same is true for placentae, which exhibit several functional

types among viviparous lineages (Stewart and Thompson, 2000),
particularly skinks, which have the most complex histories of
origin and reversal in our reconstructions. Can different lineages
be grouped by unique features of placentation, and do these
support hypotheses of frequent reversal or recent origins?
Gathering these types of data will be the next step for
understanding parity mode evolution in squamates, with explicit
reference to how they vary among lineages, and the functional
origins of those differences.
In our recent analysis, we presented historical scenarios of

parity mode evolution for all major squamates lineages under a
variety of models, including strict irreversibility, maximum
parsimony, and state‐dependent reconstructions. Potential
histories range from 121 recent origins of viviparity, to 73
origins and 12 reversals, to 34 origins and 59 reversals. At least 2–
5 reversals are already acknowledged as plausible (Lee and Shine,
'98; Lynch and Wagner, 2010; Fenwick et al., 2012). Under every
method of analysis fromMaximum Parsimony to BiSSE, multiple
re‐gains of oviparity are supported. Thus, it is difficult to reject all
of these potential reversals to oviparity, unless one simply states a
priori that such reversals are impossible.
These alternative histories offer explicit alternate hypotheses

for every major group, that can now be tested directly using more
detailed organismal data as described above, including genetic,
developmental, and physiological evidence. Phylogenetic anal-
yses alone will not settle these questions. A more detailed and
nuanced understanding of squamate reproduction is now needed,
with specific reference to comparisons across multiple species in
multiple lineages. In addition to potentially settling questions
regarding the origin of viviparity and reversal to oviparity, the
data gathered will be invaluable to increasing our understanding
of parity‐mode evolution in general and the functional pathways
of vertebrate reproduction.

ACKNOWLEDGMENTS
We thank M. Brandley for early discussions of parity‐mode
evolution, and G. Wagner for inviting us to contribute to this
symposium.

LITERATURE CITED
Alfoldi J, Di Palma F, Grabherr M, et al. 2011. The genome of the green
anole lizard and a comparative analysis with birds and mammals.
Nature 477:587–591.

Blackburn DG. 1993. Chorioallantoic placentation in squamate
reptiles ‐ structure, function, development, and evolution. J Exp
Zool 266:414–430.

Blackburn DG. 1999. Are viviparity and egg‐guarding evolutionarily
labile in squamates. Herpetologica 55:556–573.

Blackburn DG. 2006. Squamate reptiles as model organisms for the
evolution of viviparity. Herpetol Monogr 20:131–146.

Blackburn DG, Flemming AF. 2007. Evolution of fetal membranes and
placentation in reptiles. J Morphol 268:1050–1050.

J. Exp. Zool. (Mol. Dev. Evol.)

470 PYRON AND BURBRINK



Blackburn DG, Flemming AF. 2009. Morphology, development, and
evolution of fetal membranes and placentation in squamate
reptiles. J Exp Zool Part B 312B:579–589.

Brandley MC, Huelsenbeck JP, Wiens JJ. 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 bodyforms. Evolution 62:2042–2064.

Brandley MC, Young RL, Warren DL, Thompson MB, Wagner GP. 2012.
Uterine gene expression in the live‐bearing lizard, chalcides
ocellatus, reveals convergence of squamate reptile and mammalian
pregnancy mechanisms. Genome Biol Evol 4:394–411.

Burbrink FT, Pyron RA. 2011. The impact of gene‐tree/species‐tree
discordance on diversification‐rate estimation. Evolution 65:1851–
1861.

Castoe TA, de Koning APJ, Hall KT, et al. 2013. The Burmese python
genome reveals the molecular basis for extreme adaptation in
snakes. P Natl Acad Sci USA 110:20645–20650.

Chippindale PT, Bonett RM, Baldwin AS, Wiens JJ. 2004. Phylogenetic
evidence for a major reversal of life‐history evolution in
plethodontid salamanders. Evolution 58:2809–2822.

Collin R, Cipriani R. 2003. Dollo's law and the re–evolution of shell
coiling. Proc R Soc Lond [Biol] 270:2551–2555.

Collin R, Miglietta MP. 2008. Reversing opinions on Dollo's Law.
Trends Ecol Evol 23:602–609.

de Fraipont M, Clodert J, Meylan S, Barbault. 1999. On the evolution
of viviparity and egg‐guarding in squamate reptiles: a reply to R.
Shine and M. S. Y. Lee. Herpetologica 55:550–555.

de Fraipont M, Clobert J, Barbault R. 1996. The evolution of oviparity
with egg guarding and viviparity in lizards and snakes: a
phylogenetic analysis. Evolution 50:391–400.

Diaz‐Uriarte R, Garland T, Jr. 1998. Effects of branch length errors on
the performance of phylogenetically independent contrasts. Syst
Biol 47:654–672.

Dingle R. 2003. Some palaeontological implications of putative, long‐
term, gene reactivation. J Geol Soc London 160:815–818.

Diogo R, Wood B. 2012. Violation of Dollo's law: evidence of muscle
reversions in primate phylogeny and their implications for the
understanding of the ontogeny, evolution, and anatomical
variations of modern humans. Evolution 66:3267–3276.

Domes K, Norton RA, Maraun M, Scheu S. 2007. Reevolution of
sexuality breaks Dollo's law. Proc Natl Acad Sci USA 104:7139–
7144.

Edwards SV. 2009. Is a new and general theory of molecular
systematics emerging. Evolution 63:1–19.

Edwards SV, Beerli P. 2000. Perspective: gene divergence, population
divergence, and the variance in coalescence time in phylogeo-
graphic studies. Evolution 54:1839–1854.

Fenwick AM, Greene HW, Parkinson CL. 2012. The serpent and the egg:
unidirectional evolution of reproductive mode in vipers. J Zool Syst
Evol Res 50:59–66.

Fry BG. 2005. From genome to “venome“: molecular origin and
evolution of the snake venom proteome inferred from phylogenetic

analysis of toxin sequences and related body proteins. Genome Res.
15:403–420.

Fry BG, Vidal N, Norman JA, et al. 2006. Early evolution of the venom
system in lizards and snakes. Nature 439:584–588.

Galis F, Arntzen JW, Lande R. 2010. Dollo's law and the irreversibility
of digit loss in Bachia. Evolution 64:2466–2476.

Goldberg EE, Igic B. 2008. On phylogenetic tests of irreversible
evolution. Evolution 62:2727–2741.

Gould SJ. 1970. Dollo on Dollo's law: irreversibility and the status of
evolutionary laws. J Hist Biol 3:189–212.

Heulin B, Ghielmi S, Vogrin N, Surget‐Groba Y, Guillaume CP. 2002.
Variation in eggshell characteristics and in intrauterine egg
retention between two oviparous clades of the lizard Lacerta
vivipara: Insight into the oviparity‐viviparity continuum in
squamates. J Morphol 252:255–262.

Hodges WL. 2004. Evolution of viviparity in horned lizards
(Phrynosoma): testing the cold‐climate hypothesis. J Evolution
Biol 17:1230–1237.

Kohlsdorf T, Wagner GP. 2006. Evidence for the reversibility of digit
loss: a phylogenetic study of limb evolution in Bachia (Gymnoph-
thalmidae: Squamata). Evolution 60:1896–1912.

Kohlsdorf T, Lynch VJ, Rodrigues MT, Brandley MC, Wagner GP. 2010.
Data and data interpretation in the study of limb evolution: a reply
to Galis et al. on the reevolution of digits in the lizard genus bachia.
Evolution 64:2477–2485.

Lambert SM, Wiens JJ. 2013. Evolution of viviparity: a phylogenetic
test of the cold‐climate hypothesis in phrynosomatid lizards.
Evolution 67:2614–2630.

Lee MSY, Shine R. 1998. Reptilian viviparity and Dollo's law. Evolution
52:1441–1450.

Lynch VJ, Wagner GP. 2010. Did egg‐laying boas break dollo's law?
phylogenetic evidence for reversal to oviparity in sand boas (Eryx:
Boidae). Evolution 64:207–216.

Maddison WP. 2006. Confounding asymmetries in evolutionary
diversification and character change. Evolution 60:1743–1746.

Maddison WP, Midford PE, Otto SP. 2007. Estimating a binary
character's effect on speciation and extinction. Syst Biol 56:701–
710.

Marshall CR, Raff EC, Raff RA. 1994. Dollo's law and the death
and resurrection of genes. Proc Natl Acad Sci USA 91:12283–
12287.

Paradis E. 2008. Asymmetries in phylogenetic diversification and
character change can be untangled. Evolution 62:241–247.

Pough FH, Janis CM, Heiser JB. 2013. Vertebrate life. Boston: Pearson.
Pyron RA, Burbrink FT. 2014. Early origin of viviparity and multiple
reversions to oviparity in squamate reptiles. Ecol Lett 17:13–21.

Pyron RA, Burbrink FT, Wiens JJ. 2013. A phylogeny and revised
classification of Squamata, including 4161 species of lizards and
snakes. BMC Evol Biol 13:93.

Schulte JA, Moreno‐Roark F. 2010. Live birth among Iguanian
lizards predates Pliocene‐Pleistocene glaciations. Biol Letters
6:216–218.

J. Exp. Zool. (Mol. Dev. Evol.)

SQUAMATE PARITY MODES 471



Schwarzkopf L, Andrews RM. 2012. “Selfish mothers“ use “maternal
manipulation“ to maximize lifetime reproductive success. Herpe-
tologica 68:308–311.

Seher TD, Ng CS, Signor SA, et al. 2012. Genetic basis of a violation of
Dollo's Law: re‐evolution of rotating sex combs in Drosophila
bipectinata. Genetics 192:1465–1475.

Sexton OJ, Bramble JE, Heisler IL, Phillips CA, Cox DL. 2005. Eggshell
composition of squamate reptiles: Relationship between eggshell
permeability and amino acid distribution. J Chem Eco 31:2391–
2401.

Shine R. 1983. Reptilian viviparity in cold climates: testing the
assumptions of an evolutionary hypothesis. Oecologia 57:397–405.

Shine R. 2002. Reconstructing an adaptationist scenario: what
selective forces favor the evolution of viviparity in montane
reptiles. Am Nat 160:582–593.

Shine R. 2004. Does viviparity evolve in cold climate reptiles because
pregnant females maintain stable (not high) body temperatures.
Evolution 58:1809–1818.

Shine R. 2006. Is increased maternal basking an adaptation or a pre‐
adaptation to viviparity in lizards? J Exp Zool A Comp Exp Biol
305:524–535.

Shine JM. 2014. The evolution of an evolutionary hypothesis: a history
of changing ideas about the adaptive significance of viviparity in
reptiles. J Herpetol 48:147–161.

Shine R, Lee MSY. 1999. A reanalysis of the evolution of viviparity and
egg‐guarding in squamate reptiles. Herpetologica 55:538–549.

Sites JW, Reeder TW, Wiens JJ. 2011. Phylogenetic Insights on
Evolutionary novelties in lizards and snakes: sex, birth, bodies,
niches, and venom. Annu Rev Ecol Evol S 42:227–244.

Stewart JR, Thompson MB. 2000. Evolution of placentation among
squamate reptiles: recent research and future directions. Comp
Biochem Phys A 127:411–431.

Stewart JR, Thompson MB. 2009. Parallel evolution of placentation in
australian scincid lizards. J Exp Zool Part B 312B:590–602.

Stewart JR, Mathieson AN, Ecay TW, et al. 2010. Uterine and eggshell
structure and histochemistry in a lizard with prolonged uterine egg
retention (Lacertilia, Scincidae, Saiphos). J Morphol 271:1342–
1351.

Tinkle DW, Gibbons JW. 1977. The distribution and evolution of
viviparity in reptiles. Misc Publ Mus Zool Univ Mich 154:1–47.

Van Dyke JU, Brandley MC, Thompson MB. 2014. The evolution of
viviparity: molecular and genomic data from squamate reptiles
advance understanding of live birth in amniotes. Reproduction 147:
R15–R26.

Wang Y, Evans SE. 2011. A gravid lizard from the Cretaceous of China
and the early history of squamate viviparity. Naturwissenschaften
98:739–743.

Whiting MF, Bradler S, Maxwell T. 2003. Loss and recovery of wings in
stick insects. Nature 421:264–267.

Wiens JJ. 2011. Re‐evolution of lost mandibular teeth in frogs after
more than 200 million years, and re‐evaluating dollo's law.
Evolution 65:1283–1296.

Wiens JJ, Kuczynski CA, Duellman WE, Reeder TW. 2007. Loss and re‐
evolution of complex life cycles in marsupial frogs: does ancestral
trait reconstruction mislead? Evolution 61:1886–1899.

Zufall RA, Rausher MD. 2004. Genetic changes associated with floral
adaptation restrict future evolutionary potential. Nature 428:847–
850.

J. Exp. Zool. (Mol. Dev. Evol.)

472 PYRON AND BURBRINK


