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Abstract. Egg retention (ER) and intrauterine embryonic development (IED) have been considered intermediate steps in 
the evolution from oviparity to viviparity. Sceloporus aeneus is an oviparous lizard that is closely related to the viviparous 
species (Sceloporus bicanthalis). The present study addresses the following 2 questions: 1) Are intermediate stages of egg 
retention (ER and IED) present in populations of Sceloporus aeneus? and 2) Are ER and/or IED explained by elevation, 
precipitation or phylogenetic effects? Results indicate that in S. aeneus, ER differs among populations. ER was negatively 
related to altitude and pluvial precipitation, whereas average environmental temperature had no effect on ER or IER. 
In contrast to previous observations of oviparous species related to viviparous species, populations of S. aeneus with 
advanced IED are associated with environmental factors such as low elevation and aridity instead of high elevation and 
cold climate, whereas the comparative analysis shows that there are no significative evolutionary changes throughout 
the phylogeny, which means that the altitude has no effect on the transition to the evolution of viviparity in S. aeneus-S 
bicanthalis. 

Key words: reproductive mode, oviparity-viviparity evolution, environmental factors.

Resumen. La retención de huevos (ER) y el desarrollo embrionario intrauterino (IED) han sido considerados pasos 
intermedios hacia la viviparidad. Sceloporus aeneus es un lacertilio ovíparo estrechamente relacionado a una especie 
vivípara (Sceloporus bicanthalis). El presente estudio derivó de las preguntas: ¿El ER y el IED presentes en las 
poblaciones de S. aeneus son estadios intermedios a la viviparidad? ¿ER y/o IED son explicados por la temperatura, 
altitud, precipitación pluvial o son un efecto filogenético? En S. aeneus, el ER y el IED fueron diferentes entre poblaciones. 
Los resultados indicaron que la ER se relacionó negativamente con la altitud y la precipitación pluvial, mientras que no 
se encontró efecto con la temperatura ambiental. En contraste con observaciones previas en especies emparentadas con 
las especies vivíparas, los resultados de la presente investigación indican que en las poblaciones de S. aeneus estudiadas, 
el mayor avance en el IED lo presentaron los organismos que habitan en baja elevación y áreas secas en lugar de alta 
elevación y climas fríos. Por otro lado, el análisis comparativo mostró que no existen cambios evolutivos significativos en 
los valores a lo largo de la filogenia, lo que significa que la altitud no tiene un efecto significativo en la transición hacia la 
viviparidad en Sceloporus aeneus-S. bicanthalis.

Palabras clave: modo reproductor, evolución oviparidad-viviparidad, factores ambientales.

Introduction

Squamata represents a good model to understand the 
evolution of viviparity as it has evolved more than 100 

times independently within this group (Blackburn, 2000). 
In general, viviparity is considered an adaptation to cold 
climates (Shine, 1985a, 2004). In the genus Sceloporus, 
most of viviparous lizards inhabit elevations greater than 
1 500 m (Guillette et al., 1980). The generally cooler 
temperatures at high elevations reduce the probability of 
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successful egg incubation (Andrews, 1997). Viviparous 
species have been considered to evolve in cold climates, 
because retaining the eggs in the oviduct offers better 
opportunities to incubate eggs at higher or at least more 
constant temperatures than in the nest (Andrews, 2000; 
Andrews and Mathies, 2000). Therefore, the cold climate 
model for the evolution of viviparity was supported by 
evidence of prolonged egg retention in oviparous reptiles 
(Qualls, 1996). 

The advantages of egg retention (ER) and intrauterine 
embryonic development (IED) may result from eggs 
remaining less time in the nest, which has been considered 
the most vulnerable stage of the organism. Although 
prolonged egg retention is costly for the mother, because 
the female is exposed for a longer time to predators while 
she is burdened with eggs (Shine, 1985b). 

In the genus Sceloporus, viviparity has evolved at 
intermediate latitudes, because oviparous species have 
morphological and physiological features that facilitate the 
prolonged retaining of the egg in the oviduct (Shine, 1985a; 
Shine and Guillette, 1988; Guillette, 1993; Andrews, 1997; 
Méndez-de la Cruz et al., 1998). Viviparity, and extended 
ER-IED requires morphological and physiological features 
that facilitate the prolonged retaining of the egg in the 
oviduct, such as thin eggshell, increases of the oviduct 
vascularity, placentation, and modification in the hormonal 
system (Shine, 1985a; Shine and Guillette, 1988; Guillette, 
1993; Andrews, 1997; Méndez-de la Cruz et al., 1998). In 
fact ER and IED have been poorly studied within squamata 
and this offers a different scenario for the evolution of 
viviparity. 

Oviparous species closely related to the viviparous 
ones can offer insight into the evolution of viviparity, as 
in Sceloporus spinosus, which is related to the viviparous 
S. formosus group (Wiens and Reder, 1997). In S. spinosus 
maximum stage at oviposition varied within clutches 
from the same locality, as well as among localities. 
Also, the variation in maximum embryonic stage at 
oviposition among different study populations suggested 
that the invasion of high elevations was associated with 
an enhanced potential for longer periods of egg retention 
(Calderón-Espinosa et al., 2006). 

Another species that may offer information related to 
the evolution of viviparity is Sceloporus aeneus, considered 
a sibling species of the viviparous S. bicanthalis (Benabib 
et al., 1997).  Sceloporus aeneus is distributed throughout 
the mountainous region and exhibits both ER and IED 
(Andrews, 2000), a trait similar to that observed in S. 
spinosus. Besides being oviparous, S. aeneus inhabits a 
wide altitudinal gradient that ranges from 2 400 to 3 400 
m, with wide ranges of yearly pluvial precipitation and 
environmental temperatures, which allows to test if the 

ER and IED is present and what environmental or physical 
conditions promote more advanced stages of IED. 

The present study of ER in S. aeneus documents the 
variability of IED among 6 populations and tests the 
influence of the environment (altitude, precipitation, and 
temperature) and phylogenetic effects that may drive the 
maximum stage of intrauterine embryonic development as 
an intermediate step toward viviparity.

Materials and methods

To evaluate the capability of females to extended 
ER and IED during June 1998, we obtained a total of 57 
gravid females of the oviparous lizard S. aeneus from 6 
locations in the Transversal Neo-Volcanic mountain range 
in Mexico: 14 females from Milpa Alta, D. F. (MA; 19°11’ 
N, 99°01’ W, 2 400 m); 9 females from Ajusco, D. F. (Aj; 
19°13’ N, 99°17’ W, 2 900 m); 14 females from Cahuacán, 
Mexico (Ca; 19°37’ N, 99°25’ W, 2 750 m); 11 females 
from Autódromo, Hidalgo (Au; 20°05’ N, 99°25’ W, 
2 450 m); 9 females from Españita, Tlaxcala (Es; 19°35’ N, 
98°33’ W, 2 450 m) and 7 from Nevado deToluca, México 
(Nv; 19°11’ N, 99°50’ W, 3 200 m ). As an external group 
to root the tree, we used S. scalaris (Mathies and Andrews, 
1996) and S. graciosus (Shine, 1983).

Both analyzed parameters (ER and IED) were 
considered capable of evolving toward viviparity. To 
evaluate the ER and IED from each collected female, the 
females were maintained on a dry substrate to promote 
egg retention (Andrews and Mathies, 2000), with relative 
moisture of 12% ± 2.0 inside a terrarium consisting of a 
plastic container (30 x 18.5 x 15 cm) with 3 cm of soil. We 
kept the environmental temperature between 22 to 24° C 
with an incandescent lamp with a photoperiod of 12L: 
12D. We fed the lizards daily with crickets, and water was 
supplied every day in the morning by wetting the wall of 
the terrarium.

Each terrarium was checked daily to detect oviposition, 
as evidenced by the flaccidity of the female’s abdomen or 
by observation of the eggs in the terrarium. To establish 
the degree of retention, 1 egg from each nest was fixed 
in 10% formaldehyde to determine the development stage 
according to Dufaure and Hubert (1961). Embryonic 
development of lizards has been divided into 40 stages, 
each characterized by anatomical features (Durfaure and 
Hubert, 1961). Squamate species laid eggs within a wide 
range of development stages, from gastrula (8/40) to 
almost complete or full development (39/40), but most of 
them laid at stages 25-33/40 (Blackburn, 1995).

We evaluated the effects of environmental factors using 
correlations between the maximum stage of development 
in every population and the altitude, average environmental 
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temperature, and precipitation from each collected site. We 
reconstructed ancestral states of the characters (maximum 
stage of development from each population) using 
maximum parsimony unordered after Mesquite (Madisson 
and Madisson, 2008) and a comparative analysis with 
Compare 4.6b (Martins, 2004) according to phylogeny 
described by Meza-Lázaro (2008) and using S. scalaris 
and S. graciosus as the outgroups. 

Results

Considerable intrapopulation variation in the 
maximum stage of oviposition was observed among 
study populations (Fig. 1). Wide variation in the stage of 
oviposition was observed in the Nevado de Toluca, Milpa 
Alta and Cahuacán populations (32-38, 33-39, 31-37, 
respectively), narrow variation in Autódromo and Españita 
(34-39, 35-39, respectively) and the narrowest variation 
was observed in the Ajusco population (36-38, Fig. 1). In 
all 6 localities, some embryos reached stages close to full 
development, but some lizards from Autódromo, Españita 
and Milpa Alta reached the most advanced developmental 
stages (39 of 40). However, there was no significant 
difference in the average stage of embryonic development 
among localities (F 5, 39= 1.72, p= 0.152). 

Analyses of association between environmental 
factors and maximum embryonic development showed 
no correlation between embryo stage and temperature, 
but a negative correlation was found with altitude and 

Figure 1. Stage of embryos retained intrauterine found in the different species Ss= Sceloporus scalaris, SaAu= S. aeneus from Autó-
dromo, SaEs= S. aeneus from Españita, SaMA= S. aeneus from Milpa Alta, SaAj= S. aeneus from Ajusco, SaCa= S. aeneus from 
Cahuacán, SaNv= S. aeneus from Nevado de Toluca, Sb= S. bicanthalis.

precipitation in the populations studied (Figs. 2A, B, C). 
Also, minimum stages of development (Fig. 1) were found 
to be more advanced (Au, MA, and Es) in low and arid 
habitats (50.1, 72.2 and 10.2 mm of pluvial precipitation) 
than in high elevations, as well as mesic ones (Ca and NT 
with 88.7 and 111 mm of pluvial precipitation respectively). 

The reconstruction of ancestral states of maximum 
embryonic development in the studied populations (Fig. 3) 
shows that the ability to develop embryos in the uterus also 
occurs in the species used as the outgroups: S. graciosus 
(30/40) and S. scalaris (39.5/40). Also, advanced stages 
appear throughout the remaining populations of S. aeneus: 
the Cahuacán population had the lowest average stage 
(37/40), Ajusco and Nevado de Toluca (38/40), Autódromo 
and Españita (38.5/40), and Milpa Alta with (39/40), 
whereas the viviparous species S. bicanthalis shows 
the maximum stage (40/40).  According to COMPARE 
(Martins, 2004), the estimated ancestral state analysis 
shows that there are no significant evolutionary changes 
throughout the phylogeny (Fig. 4) 

Discussion

According to the cold climate hypothesis, viviparity 
has evolved in high elevations or latitudes (Tinkle and 
Gibbons, 1977; Shine, 1985a, 2004) in response to cold 
environmental temperatures. In the genus Sceloporus, 
this idea was supported by the evidence that most 
viviparous species occur at elevations higher than 
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Figure 2. Correlations between maximum embryonic stage at 
oviposition time from the studied populations and environmental 
factors (temperature, altitude and precipitation). 

1 500 m (Guillette et al., 1980). Several physiological 
or morphological modifications have been considered as 
intermediate steps toward viviparity (Blackburn, 2006).  
For example, some of the traits that are considered 
intermediate steps toward viviparity are diminished egg 
shell thickness, prolonged presence of the corpus luteum, 
increased uterine vascularization, ER and IED (Guillette, 
1993; Shine, 2004, and Blackburn, 2006). A recent 
study has shown that populations of the oviparous lizard 
S. spinosus from low elevations oviposit at relatively 
early embryonic stages (Chamela, population: 31-32.5), 
whereas populations from high elevations oviposit 
at more advanced stages (30-35). Also, when clades 
containing species capable of prolonged egg retention 
and reinvade low elevations, they conserve the maximum 
stages reached by their high-elevation ancestors. Also, 
high levels of intrapopulation variation were observed in 
the maximum stage of oviposition (Calderón-Epinosa et 
al., 2006). 

In S. scalaris, evidence has shown that populations 
from high elevations retain intrauterine embryos to more 
advanced stages than those from low elevations (33-38 vs 
31-33.5, respectively (Mathies and Andrews, 1995). The 
same phenomenon occurs in Lerista bouganvillii, where 
altitude is correlated with maximum stage of embryonic 
development (Qualls, 1997), and high-elevation 
populations are viviparous. These studies support the 
idea that high altitudes promote intermediate stages 
toward viviparity (Blackburn, 1995). Contrasting with 
the previous evidence, S. aeneus does not show the same 
pattern, as the low-elevation populations retain the eggs in 
the oviduct to more advanced stages than high elevation 
populations. The 3 populations with most advanced stages 
of development were Españita (2 450 m) and Autódromo 
(2 450 m), (embryo stage: 38.5/40), whereas lizards from 
Milpa Alta (2 400 m) retained embryos until stage 39/40. 
These populations also present low precipitation values 
(Españita: 589 mm, Autódromo: 543 mm and Milpa Alta: 
705 mm). On the other hand, in the high-elevation mesic 
populations such as Nevado de Toluca (with 3 200 m 
altitude and 1 243 mm precipitation) and Ajusco (2 900 m 
altitude and 1 226 mm precipitation) the maximum stage 
was 38, whereas lizards from Cahuacán (2 750 m elevation 
and 1 192 mm precipitation) retain eggs until stage 37/40. 
In contrast, evidence from S. spinosus and S. scalaris 
supports the cold climate hypothesis. In S. spinosus, 
low-elevation populations oviposit at relatively early 
stages of development (31-32.5), whereas high elevation 
populations oviposit at relatively advanced stages (30-35). 
After high elevation populations reinvade low-elevation 
environments, they maintain the same capacity to retain 
eggs to advanced stages as high-elevation populations 
(Calderón-Espinosa et al., 2006). On the other hand, 
according to Mathies and Andrews (1995), S. scalaris 
showed that altitude determines the maximum stage of 
embryonic development attained in utero, as high altitude 
populations oviposit embryos at more advanced stages of 
development than those from a lower altitude (35.5-37 vs 
31.0-33.5, respectively). Nevertheless, in S. aeneus, the 
populations that inhabit low elevations are associated with 
low precipitation and also oviposit at advanced stages of 
embryonic development. Populations from high elevations 
laid eggs at earlier stages of embryonic development, 
contrary to the cold climate hypothesis. Even though no 
significant differences in maximum stages of embryonic 
development were found among the studied populations, 
more experiments should be conducted to determine which 
factors promote maximum stages of ER.

In oviparous species, retaining the egg demands 2 
fundamental things from the mother: oxygen and water 
(Andrews, 1997). In S. scalaris, the oxygen required for 
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Figure 3. Reconstruction of ancestral stages (maximum parsimony) considering maximum stage of embryonic development at ovipo-
sition (see text for explanation). 

Figure 4.  Ancestor state reconstruction (Martin, 2004) for intrauterine egg development stage in Sceloporus aeneus (S. a.), S bican-
thalis, S. scalaris and S. graciosus (see text for explanation).

S
. a

.
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the adequate development of the embryo in the oviduct 
does not seem to be limiting (Parker and Andrews, 
2006). Also, the early development of the chorio-alantois 
may enhance oxygen delivery to the embryo during egg 
retention (Andrews, 1997). Considering that S. scalaris 
and S. aeneus have a close phylogenetic relationship, the 
same mechanism may facilitate intra-uterine development 
in S. aeneus. 

The capability to retain the eggs and develop embryos 
until stage 39 (stage 40 is total development according to 
Dufaure and Hubert, 1961) inside the oviduct, in response 
to hydric stress, is a feature of S. scalaris (Mathies and 
Andrews, 1996). This capability was retained in the derived 
species S. aeneus (Wiens and Reeder, 1997), as observed 
in the population of Milpa Alta (39), and nearly observed 
in Españita and Autódromo, with stage 38.5. According 
to our results the stage of retention cannot be explained 
by a phylogenetic effect (Figs. 3, 4). Even though lower 
states were present in populations with greater amounts 
of precipitation and higher elevations, in contrast, in the 
dry, low elevation environments the females oviposit at 
more advanced embryo stages compared to moister, high 
elevation environments. Also, shorter periods of retention 
seem to be determined by the amount of precipitation 
during the month of oviposition. Populations with low 
precipitation values oviposit at more advanced embryo 
stages: in Autódromo (34), Milpa Alta (33.5) and Españita 
(35) during the month of oviposition (May) precipitation 
levels were 50.1, 73.2 and 10.2 mm respectively, whereas 
populations with lower minimum stages were Cahuacán 
(31), Nevado de Toluca (32) and Ajusco (36), which 
experience more rainfall (88.7, 111, 116 mm, respectively). 
Results indicate that higher habitats also receive more 
precipitation during oviposition months, causing females 
to exhibit low minimum retention stages, whereas in lower-
altitude populations, the females acquire the capability 
to develop eggs to more advanced stages. In S. aeneus, 
retention capabilities appear different in populations that 
occur in higher and more mesic areas, even though this 
is considered a young species (3.2-4.9 mya according to 
Benabib et al., 1997) in contrast to the older species S. 
spinosus (4.2-6.5 mya), in which low-elevation clades 
retain the capability to advance embryos that was acquired 
by high-elevation clades (Calderón-Espinosa et al., 2006). 
The comparative analysis (Martins, 2004) determines that 
there are no significant evolutionary changes throughout 
the phylogeny. This implies also that the elevation seems 
to have no effect on the evolution of viviparity in the S. 
aeneus-S. bicanthalis. 

In general, considering that prolonged egg retention 
is an intermediate step toward the evolution of viviparity, 
S. aeneus appears to be a key species to understand the 

environmental factors that promote advanced intrauterine 
embryo stages. Nevertheless, the present study shows 
that more advanced embryonic stages were not found in 
the populations that occur in high-elevation habitats with 
cold climate, but rather in populations that occur in lower 
elevations and dryer habitats. 
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