Herpetological Monographs, 20, 2006, 147-158
E 2006 by The Herpetologists’ League, Inc.
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AsstracT:  The evolution of viviparity in squamates has involved intermediate stages of egg retention.
Reduction in the thickness of the eggshell, in relative clutch mass (RCM), and in clutch frequency would
have facilitated the transition from oviparity to viviparity, while low temperatures are likely the ultimate
selective force that promoted this evolutionary shift. We tested these ideas using the Sceloporus spinosus
group. Because it is the sister clade of the viviparous Sceloporus formosus group, we predicted that mem-
bers of the S. spinosus group would exhibit extended egg retention and other features associated with
the evolution of viviparity. To test this idea, we examined the ability to retain eggs past the time of
normal oviposition in the Sceloporus spinosus group and evaluated the association between egg retention
and physiological and environmental factors in a historical context. Gravid females were collected from seven
localities at a wide range of altitudes. We estimated the normal stage of embryos at oviposition and the
stage at oviposition when females were induced to retain eggs under captive conditions. Stages of embryos
varied within clutches; less developed embryos were usually dead and the most advanced embryos
were usually alive. The maximum stage observed was therefore used as an index of egg retention for each
clutch. The maximum embryonic stage at oviposition was contrasted with RCM, egg membrane thick-
ness, and several climatic variables (temperature and precipitation) in a phylogenetic framework. Females
exhibited the ability to retain eggs as predicted. Maximum stage at oviposition varied within same clutch,
same locality, and among localities. Variation observed in the maximum stage at oviposition was not related
to egg membrane thickness, RCM, or clutch frequency or to environmental temperature and precipita-
tion. Instead, mapping the maximum stage at oviposition on a phylogeny of the S. spinosus group suggested
that the invasion of high elevations was associated with an enhanced potential for longer periods of egg

retention.
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THE EVOLUTION OF VIVIPARITY in squamate
reptiles has long been interpreted as an
adaptive strategy that enhances the survival
of embryos (Shine, 1985; Tinkle and Gibbons,
1977). This evolutionary phenomenon has
occurred more than 100 times in the Squa-
mata (Blackburn, 1992, 2000; Shine, 1985)
and reversal to oviparity is rare, if it occurs at
all (Lee and Shine, 1998; Smith et al., 2001).
Factors that could be detrimental to embryos
in a nest (i.e. extreme temperatures, environ-
mental unpredictability, dry environments,
predation, and microbial attack) have been
suggested as selective forces that stimulated
the evolution of this reproductive mode
(Shine, 1985; Tinkle and Gibbons, 1977). Of
these environmental factors, the most widely
accepted on the basis of comparative and
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experimental studies is low temperature
(Shine, 1985, 2002). According to the cold
climate model, low temperature promotes
the evolution of viviparity because egg re-
tention provides the embryos a warmer or
more stable environment than they would
experience in a nest (Shine, 1985, 2004). In
contrast, predictions of an unpredictability
hypothesis were falsified for some Australian
oviparous scincid species suggesting that at
least in that system, female inability to pre-
dict climatic environmental conditions did
not promote the origin of viviparity (Shine,
2002).

Viviparity has evolved from oviparity (Lee
and Shine, 1998). Observations on reproduc-
tively bimodal species like Lacerta vivipara,
Lerista bougainvilli, and Saiphos equalis
suggest that this involved a gradual increase
in the length of egg retention (Andrews and
Mathies, 2000; Heulin et al., 2002; Shine,
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1985; Smith and Shine, 1997). The scarcity of
species that lay eggs when embryos are at
intermediate stages, (between stage 33 and
40), suggests that this transition occurs rapidly
or that intermediate forms are not adaptive
(Blackburn, 1995, 1998). Some oviparous
populations of bimodal species lay eggs with
embryos well beyond the modal stage at
oviposition observed in squamates (stage 30,
Andrews and Mathies, 2000). In L. vivipara,
for example, females of oviparous populations
closely related to one of the viviparous clades,
lay their eggs in a greater range of stages (30—
35) than those from the basal oviparous
clade (stages 30-32) (Heulin et al., 2002). In
reproductively bimodal species, extension of
intrauterine development of embryos is neg-
atively correlated with eggshell thickness
(Heulin et al., 2002; Qualls, 1996; Qualls et
al., 1995; Smith and Shine, 1997). Reduction
in eggshell thickness, increased vasculariza-
tion of the oviduct, and more extensive
development of the chorioallantois membrane
are suggested physiological and morphological
modifications associated with the evolutionary
transition from oviparity towards viviparity
(Andrews, 1997; Guillette, 1993; Heulin et al.,
2002).

To assess the phylogenetic context of the
evolution of viviparity in reptiles, Lee and
Shine (1998) mapped reproductive mode on
reptile phylogeny. They concluded that the
evolution of viviparity in this group has been
under phylogenetic constraint, as it has
evolved in some squamates but not in archo-
saurs, turtles and sphenodontid reptiles. The
hypothesis that the evolution of viviparity is
physiologically constrained was explored in
the genus Sceloporus by contrasting a clade
with both oviparous and viviparous species (S.
scalaris group) and a clade in which all species
are oviparous (S. undulatus group) (Andrews,
2002; Andrews and Mathies, 2000; Andrews
and Rose, 1994). The capacity to support
embryonic development in utero under con-
ditions that inhibit oviposition was assessed
for oviparous species of these species groups.
The evolution of viviparity in the S. undulatus
species group is constrained due to the
inability of embryos of most species to
continue development beyond the normal
stage at oviposition (Andrews and Mathies,

2000). Sceloporus virgatus, however, is an
exception; its embryos continue development
until stage 37 (Andrews, 1997; Andrews and
Rose, 1994). In contrast to most species in the
S. undulatus group, however, S. scalaris and
S. aeneus, close relatives of viviparous species,
have the ability to support embryogenesis in
utero to advanced stages—at least stage 36 in
S. aeneus (Andrews, unpublished data), and
39.5 in S. scalaris, (Mathies and Andrews,
1996).

The genus Sceloporus exhibits four differ-
ent independent origins of viviparity, one for
the S. grammicus, S. megalepidurus and S.
torquatus groups, one for the S. formosus
group and two in the S. scalaris group
(Méndez de la Cruz et al., 1998). We chose
the oviparous Sceloporus spinosus group as
a model to evaluate the evolution of egg
retention. We evaluated the effect of egg
retention on embryonic development and
tested the general hypothesis that members
of the S. spinosus group should exhibit
a greater capacity to retain eggs beyond the
normal time of oviposition than ‘typical
oviparous Sceloporus (e. g. about stage 30)
because the clade shares a recent common
ancestor with its entirely viviparous sister
clade, the S. formosus group (Smith, 2001).
We also tested the hypotheses that: 1) the
maximum stage at oviposition is negatively
related to several factors associated with the
evolution of viviparity in other studies [relative
clutch mass (RCM), eggshell thickness, and
environmental temperature], and 2) the max-
imum stage at oviposition is associated with
the phylogenetic history of the Sceloporus
SpInosus group.

MATERIALS AND METHODS

The Sceloporus spinosus group is mono-
phyletic (Wiens and Reeder, 1997) and all
populations involved in this study are closely
related (see below). The group is distributed
along the Pacific coast of Mexico from
Guerrero to southern Sonora and Chihuahua,
and from Oaxaca to southern Tamaulipas,
Nuevo Leén, and Durango (Sites et al., 1992;
Smith, 1939). Their altitudinal distribution
extends from sea level to about 2400 m; xeric
habitats are the most typical (Smith, 1939).
Mean size of sexually mature females varies
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control females from El Rodeo oviposited
from 6 until 7 June 2002, and experimental
females from 21 June until 24 July 2002.
Modal lengths of egg retention were thus 21
and 30 days, respectively, for females from La
Preciosa and El Rodeo.

Within Clutch Variation in Development of
Embryos from Retained Eggs

Clutches laid by females maintained under
dry conditions typically contained embryos
that ranged widely in stage. For example,
clutches with advanced embryos ( 30.5)
usually contained early embryos ( 30.5) as
well (Table 1). Variance in embryo stage
within the same clutch was the result of death
of embryos at different times during retention.
Live embryos were always those at the
maximum stage found in a clutch, while dead
embryos were usually at earlier stages. Only
a few embryos per clutch reached late stages
at most localities, and clutches with most
advanced stages observed per locality were
found at low frequencies at all localities
(Fig. 1). However, at Chamela, Oaxaca, and
Xalitla, some clutches contained embryos all
at the same advanced stage and most of these
embryos were all alive at oviposition.

Variation in embryonic stage within
clutches was not related to the relative
position of eggs in the oviduct; early and late
embryos were intermixed in sequence in nine
clutches of females that died and were
necropsied. Similarly, the physical crowding
of eggs in the oviduct as indexed by RCM was
not related to either the degree of variation in
stage (as assessed by the coefficient of
variation) or to the maximum stage observed
within each clutch at any locality (P's  0.05,
Spearman correlation analyses).

Within Locality Variation in Development of
Embryos from Retained Eggs

The maximum stage per clutch varied
considerably among females at each locality
(Fig. 1). Maximum stage per clutch was not
related to crowding in the oviduct as judged
by female mass after oviposition or to relative
clutch mass at any locality (all P s 0.05,
regression analyses). Moreover, the propor-
tion of embryos within clutches that reached
the maximum stage was not related to RCM

at any locality (P s
ses).

0.05, regression analy-

Inter Locality Variation in Development of
Embryos from Retained Clutches

Mean maximum stage at oviposition did not
vary among localities (K-W, Hgso  8.47, P
0.21). This result may reflect high variability
of maximum stage at oviposition and the
relatively small number of clutches at each
locality (Fig. 1). For example, no clutch from
Chamela contained embryos beyond stage
32.5 while at least a few clutches from all
other localities had embryos at stages up to
34-35. We therefore related mean locality
values of maximum embryonic stage per
clutch to other variables using analyses of
standardized contrasts to examine biological
associations of this variable.

Standardized contrasts of mean maximum
stage at oviposition were not related to mean
shell membrane thickness (P 0.21, Fy5

211, R 0.54) or to mean RCM (P
0.84, Fyi5 0.04, R 0.09). Mean shell
membrane thickness varied among localities
(P 0.03, Heas 13.9), however, with
Chamela and Oaxaca having the highest
and the lowest values, respectively. Shell
membrane thickness variation was negatively
related to precipitation during egg laying
season (P 0.04, Fy,, 7.85 R 0.81).
Mean relative clutch mass did not vary
among localities (P 0.11, Fee 1.83)
(Table 2).

Standardized contrasts of mean maximum
stage at oviposition were not related to mean
minimum or maximum temperature during
the egg laying season (P 0.7, F; 5 0.39,
R 024 and P 098, Fi5 05, R
0.008) or to temperature fluctuation (differ-
ence between maximum and minimum tem-
perature) (P 0.19, F;5 222, R 0.55).
Similarly, mean maximum stage at oviposition
was not related to variation in maximum and
minimum temperature or precipitation during
June, as assessed by the coefficient of

variation (P 0.05, F;5 095, R 0.4,
P 005F5 037,R 026andP 0.05,
Fi5 0.17, R 0.18 respectively). None of

these environmental variables were associated
with the altitude of the study localities (P’s
0.05 in all cases).
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Maximum stage at oviposition also varied
within localities when females were forced to
retain eggs. Maximum stage ranged from 31—
34 at Cerro Gordo, 31-32.5 at Chamela, 30—
34 at El Rodeo, 30-35 at Huahutla, 29.5-34.5
at Oaxaca, 29-35 at La Preciosa, and 31-34.5
at Xalitla. Variation of stages of development
under wet conditions was only 0.5-1.0 stages.
While the stage at ovipostion varies little
within clutches of lizards, variation among
females also occurs among non-egg retainers
in the genus Scleoporus (Andrews, unpub-
lished data) as well as in species that retain
eggs (Andrews, 1997; DeMarco, 1993;
Mathies and Andrews, 1996; Smith and Shine,
1997). In both situations differences observed
are of two to four or to five stages, re-
spectively. For instance, females of S. scalaris
from low and high elevations normally laid
their eggs at stages 31-33.5 and 33-38,
respectively, (Andrews, 1997, DeMarco,
1993; Mathies and Andrews, 1996). The
variation in maximum stage at oviposition that
we documented among females of S. spinosus
group as a consequence of extended egg
retention parallels variation in the stage at
oviposition among females of other oviparous
lizards under natural conditions.

Association Between Physiological and
Demographic Traits and the Maximum Stage
of Development During Egg Retention

In contrast to our prediction, differences
in RCM among females at the same locality
were small and did not account for differ-
ences in the maximum stage at oviposition. In
fact, RCM exhibited little variation among
females or among localities. This result
suggests that changes in RCM are not
related to the evolution of extended egg
retention in S. spinosus, at least. The effect
of RCM on embryonic development has
only been evaluated for two other species.
Half of the clutch (that is, one oviduct)
of retaining females of S. scalaris and S.
virgatus was removed; decreasing clutch
volume increased water uptake by eggs in
utero, but did not affect embryonic stage
(Andrews, 1997).

Shell membrane thickness was also not
related to the maximum stage at oviposition
that occurred during egg retention in the S.

spinosus species group. It was, however,
related to rainfall with thinner egg mem-
branes associated with localities with higher
rainfall and thicker membranes were associ-
ated with drier localities. Thicker shells may
be adaptive in drier soils because they retard
water loss (Andrews and Sexton, 1981). In
parallel with our observations on S. spinosus,
variation in the structure and thickness of
eggshells of several other species of Scelo-
porus was not related to the capacity to retain
eggs with developing embryos (Andrews and
Mathies, 2000). The lack of association
between embryonic development in utero
and shell membrane or shell thickness in the
S. spinosus and S. undulatus groups does not
support the prediction that reduction in
eggshell thickness is associated with extended
egg retention. In contrast, eggshell thickness
is reduced in populations with longer periods
of egg retention in intra-specific comparisons
of Sceloporus scalaris (Mathies and Andrews,
1995) and of reproductively bimodal species
like Lacerta vivipara (Heulin et al., 2002,
2005), Saiphos equalis (Smith and Shine,
1997) and Lerista bougainvilli (Qualls, 1996;
Qualls et al., 1995). These contrasting results
imply that the evolution of egg retention and
ultimately viviparity may involve different
modifications that enhance embryonic de-
velopment in utero, at least initially, among
different taxa. Accordingly, a single species or
clade cannot be used as a general model to
explain evolution of viviparity (Blackburn,
2000).

Differences in clutch frequency also did not
explain the variation in maximum stage at
oviposition observed among females at differ-
ent localities. Females that laid one clutch per
season (La Preciosa, Cerro Gordo) exhibited
the same ability to extend intrauterine em-
bryogenesis as those that laid more that one
clutch (El Rodeo, Huahutla, Xalitla). Clutch
frequency had been suggested as a limiting
factor of egg retention evolution in lizards
(Andrews and Mathies, 2000; Shine, 1985);
females that produce one clutch per year
could retain eggs in utero, as this would not
reduce their fitness (Shine, 1985). Our
observations in the S. spinosus group suggest
that extended egg retention could evolve in
multiple clutch layers at first, but long periods
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of egg retention would require a reduction in
clutch frequency to one per season.

Environmental and Historical Factors in the
Evolution of Egg Retention

The origin of viviparity in the S. spinosus
and S. formosus clade is a comparatively
ancient event. By assuming a divergence rate
of 2% per mya for our haplotype data set we
calculated that these species groups diverged
5.7-7.1 mya and the two main clades within
the S. spinosus group diverged 4.2-6.5 mya.
In contrast, the most recent evolution of
viviparity in Sceloporus is within the S. scalaris
group (Benabib et al., 1997). Using haplotype
data generated by these authors, we estimated
that the oviparous S. aeneus and viviparous S.
bicanthalis diverged 3.2-4.9 mya. The origins
of viparous clades of Lacerta vivipara are even
more recent with splits from oviparous clades
during the Pleistocene (1.0-2.6 mya) (Surget-
Groba et al., 2001). While members of the S.
spinosus group appear to have had enough
time to respond to selective pressures associ-
ated with changes in elevation, changes in the
ability to retain eggs with developing embryos
are limited in efficacy and appear to have
been slow. For example, while embryos can be
retained to stages as advanced as 34 or 35,
retention is associated with high embryonic
and female mortality. We observed a shift in
the maximum stage at oviposition associated
with the invasion of high elevations by the
ancestor of the high elevation clade, that is,
populations R, H, X, P, O, and CG (Fig. 2).
Nonetheless, females from relatively low
elevation localities (R, H, and X), which are
nested within the high elevation clade, still are
capable of retaining eggs to embryonic stages
34-35 which suggests that the maximum stage
at oviposition was not modified when S.
spinosus re-invaded low elevation localities
0.5 mya. Possible reasons to explain why more
substantial changes in egg retention have not
occurred in the S. spinosus group are
physiological constraints on the ability to
support embryonic development in utero,
the absence of appropriate selective forces,
or that oviparity may continue to have
adaptive value in arid environments.
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APPENDIX I

.Species used in the phylogenetic annalysis, their museum numbers, Gen Bank accession numbers and localities.

Acronym: IBH

Instituto Biologia-Herpetologia.

Taxon Sample ND4 and tRNAs 128 Locality
Outgroup
Sceloporus formosus AF210346 140455
S. olivaceus AF210361 AF440095
S. torquatus AF154244 AF154179
Ingroup
S. horridus albiventris IBH17824 EF025743 EF025751 Chamela, Jalisco
IBH17823 EF025744 EF025752 Chamela, Jalisco
S. h. horridus IBH17825 EF025745 EF025753 El Rodeo, Morelos
IBH17826 EF025746 — Santa Inés, Morelos
IBH17827 EF025747 EF025754 Xalitla, Guerrero
S. spinosus caeruleopunctatus IBH17828 EF025748 EF025755 Cd. Oaxaca-Mitla, Oaxaca
S. s. spinosus IBH17829 EF025749 EF025756 La Preciosa, Municipio
Las Minas, Puebla
IBH17831 EF025750 EF025757 La Preciosa, Municipio
Las Minas, Puebla
AprpPENDIX 1T
Primers used in this study.
Primer name Sequence (5 R 3) Source
Nd4 TGACTACCAAAAGCTCATGTAGAAGC Arévalo et al., 1994
Leu TRCTTTTACTTGGATTTGCACCA Arévalo et al., 1994
12e GT(A/G)CGCTTACC(A/T)H)TGTTACGACT Leache and Reeder, 2002

tPhe AAAGCAC(A/G)GCACTGAAGATGC

Leache and Reeder, 2002




