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Prenatal Sex Ratios Influence Sexual

Dimorphism in a Reptile
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ABSTRACT  The prenatal environment influences offspring traits in a variety of ways and in a
wide range of taxa. For example, maternal allocation of steroids to the eggs influences offspring traits
in birds, and in some mammals the intrauterine position influences morphological, behavioural, and
physiological traits due to sex-related steroid transfer between sibling fetuses. We show that similar
phenomena occur in the common lizard (Lacerta vivipara), a viviparous reptile. Females developing
in male-biased clutches had a more masculine allometry (relatively larger heads) at parturition than
females developing in female-biased clutches. Males were correspondingly feminized in female-
biased clutches. The effects could either be due to diffusion of steroids produced by the offspring or
by a general tendency for females to allocate steroids according to the sex ratio of her clutch.
Subsequent to parturition, the sexes differed in their growth trajectories depending on sex ratio
environment. In males, the difference in allometry between sex ratio environments remained over
time, whereas in females the corresponding effect disappeared. J. Exp. Zool. 295A:183-187, 2003.
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Maternal effects play a significant role during
development in shaping a variety of offspring
characteristics (Bernardo, ’96; Mousseau and Fox,
'98). For example, egg size is closely related to
neonate size in many species of fish, amphibians,
reptiles, and birds (reviewed in Mousseau and Fox,
’98), which also impact on offspring physiological
performance at hatching (Sinervo, '90). However,
not only nutrients but also hormones may be
maternally transferred to the embryo. In birds,
this has been demonstrated to result in steroid-
induced post-hatching growth and behaviour
effects (Schwabl, '93, "96).

In addition to maternally related hormonal
effects, interactions between offspring during
gestation could also influence offspring phenotype.
In some mammals, the intrauterine position
relative to siblings of the opposite sex has been
demonstrated to affect morphology, behaviour,
and life history characteristics of an offspring
(Clark and Galef, ’98). For example, in laboratory
mice, females situated between two male fetuses
had significantly longer anogenital distance (as do
males) and were more aggressive than females
developing between two female fetuses (Gandel-
mann et al., ’77; vom Saal, ’89). Some of these
effects can even remain into adulthood and
influence the sex ratio of a masculinized female’s
litter (Clark et al., ’93; Vandenbergh and Huggett,
'94). The reason the intrauterine position influ-
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ences offspring traits is that androgens secreted by
males late in gestation diffuse through the
amniotic fluid and across the fetal membranes to
adjacent fetuses (Even et al., '92). So far, this
phenomenon has mainly been described for a
small number of mammals (mainly rodents) in
captivity (Clark and Galef, ’98). Even though it
seems reasonable to believe that similar phenom-
ena occur in other viviparous taxa, few studies
have investigated the effect of gestation environ-
ment on offspring phenotype, in particular in
nonmammalian taxa (Clark and Galef, '95; Osyp-
ka and Arnold, 2000).

Although sibling interactions during pregnancy
can have profound effects on offspring phenotype
independently of genetic and maternal effects, its
evolutionary consequences have attracted rela-
tively little attention. For example, production of a
biased clutch could sexually ‘“‘neutralize” off-
spring, which may make them less attractive to
partners and less competitive for resources (Clark
et al., ’92), as well as influence sex-specific life
history characteristics, such as dispersal and sex
allocation (Holekamp et al., ’84; Clark et al., ’93;
Vandenberg and Huggett, '95).
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In this study, we investigated prenatal sibling
interactions in a viviparous, nonmammalian mod-
el, the common lizard (Lacerta vivipara), which is
a reptile with a prolonged gestation period and
genetic sex determination. Although the placenta
is not as developed as in some other reptilian
species with pronounced matrotrophy (Yaron,
’85), the placental connection between the female
and offspring allows diffusion of electrolytes
(Panigel, ’56) and most likely steroids, since
transfer of these molecules has been demonstrated
in other amniotes (Gandelmann et al., ’77; vom
Saal, ’89).

MATERIALS AND METHODS

The common lizard (Lacerta vivipara) is a small
(34 g), 50-70 mm snout-vent length (SVL),
ground-dwelling lizard. It has one of the largest
distributions of all reptilian species, occurring in
most parts of Eurasia. In most of its range, it is
live-bearing and has a mean clutch size of five
young (range 2-12).

Fifty-six female L. vivipara were caught at four
localities in south-western and at two localities in
northern Sweden during May—June 2001. The
females were mated in the field, as evident from
copulation scars on the belly (inflicted by the male
during copulation, Bauwens and Verheyen, ’85).
All animals were brought to the University of
Goteborg subsequent to capture, where they were
kept in 500 x 400 x 350 mm cages (4-5 lizards
per cage), with the cages randomly distributed on
shelves in a three level rack. The cages had peat
and bark as bottom substrate, rocks and tiles as
shelter, and a 40 W spotlight to allow thermo-
regulation. Crickets (Gryllus sp.) and mealworms
(Tenebrio sp.) were provided to satiety and water
was given ad libitum. Prior to parturition, females
were kept separately for accurate scoring of
maternity. Cages were checked at least twice daily
for hatchlings. At parturition, the neonates were
weighed to the nearest mg, measured snout to
vent (SVL) and total length to the nearest 0.5 mm,
and head width and head length were measured to
the nearest 0.01 mm. Sex was determined by
hemipenis eversion, which has been confirmed to
accurately establish sexual identity in repeatabil-
ity trials in a variety of reptilian taxa (Harlow, ’96;
Olsson and Shine, ’99). The neonates were kept in
cages as described for adults with small crickets
(Gryllus sp.) and Drosophila provided ad libitum.
Four days post-parturition, the neonates were
weighed again and transferred to small, individual
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cages in thermal incubators at two different light
regimes, 18:6 L:D and 6:18 L:D. In the light phase,
the lizards were maintained at 30°C, which is the
preferred body temperature for common lizards
(Van Damme et al, ’87). In the dark phase,
temperature was kept at 15°C. The experiment
followed a split-brood design (Via, ’93), with half of
the young per clutch allocated to each treatment.
After 15 days, the experiment was interrupted and
the lizards were again weighed and measured as
described above.

To investigate the effects of sex ratio environ-
ment on a sexually dimorphic trait, we chose
relative head length as a measure because this
allometry is consistently biased toward males
having larger heads throughout Sauria (lizards:
Olsson and Madsen, '98; Lacertids in general:
Brana, ’96; L. vivipara: Dély, ’81; Smajda and
Majlath, ’99; Uller, unpublished data). Thus, this
makes it possible to make directional predictions
with respect to trait development and sex ratio
environment for both sexes. To get a measure
of relative head length, we used residuals from a
regression of head length on snout-vent
length. Before submitting our residuals for further
statistical analyses, we graphically confirmed
that head length is linearly (and not curvilinearly)
related to SVL by plotting our data. Any other
relationship would confound our analyses of
sex-specific gestation environment effects. All
statistical analyses were done in SAS (SAS
Institute, '96).

RESULTS

Of the 56 females, 42 gave birth to 206 offspring
with no difference in overall sex ratio between
populations (ANOVA: Fj;3;,=1.51, P=0.21). The
clutches were assigned to three different cate-
gories based on sex ratio: male, female, or
nonbiased (i.e., equal numbers of males and
females). As there is no resorbtion of embryos
and there were no abortions, the sex ratio at
parturition is equivalent to the sex ratio in utero.
The mean value of relative head length was
calculated for each sex within each clutch to avoid
pseudoreplication. As there was no difference
between the populations in relative head length
(ANOVA, Females: Fj35=0.93, P=0.47; Males:
F535=0.68, P=0.64), populations were pooled in
the remaining analyses.

There was a highly significant interaction effect
of offspring sex and prenatal sex ratio environ-
ment on relative head length (ANOVA: F;5 47=6.53,
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P=0.0001), with males having relatively larger
heads than females (Table 1). To control for the
allometric trend in the mothers, we incorporated
her relative head length as a covariate, but this did
not change the outcome of our analysis. Separate
analyses for the sexes showed that males develop-
ing in a female-biased clutch had significantly
smaller heads than males developing in male-
biased clutches (¢-test: 1=3.14, P=0.0037; Table 1;
Fig. 1), whereas females developing in male-biased
clutches had significantly larger heads than
females developing in a female-biased clutch (¢-
test: t=2.23, P=0.0328; Table 1; Fig. 1). Indivi-
duals developing in clutches of equal sex ratio
were intermediate in their relative head length
(Table 1). There was no difference between sex
ratio environments in total body mass for either
sex (P>0.40 for both sexes).

The differences in relative head length between
males from different pre-parturient sex ratio
categories remained after the growth period in
males, whereas the difference in females fell
short of significance at the 0.05 level (¢-test:
t=3.55, P=0.0016, and ¢=0.945, P=0.352, males
and females, respectively). However, the interac-
tion between sex and sex ratio environment
on relative head length was still highly signi-
ficant at the end of the growth period (ANOVA:
F5, 106=5.05, P=0.003), with temperature treat-
ment (long vs. short period of preferred body tem-
perature) also having a significant effect
(F1,106=10.52, P=0.0016). Thus, the allometric
relationship between head and body length
changed during growth, and this effect depended
on the temperature regime during the growth
period. Furthermore, there was a significant
interaction effect of sex and prenatal sex ratio
on relative growth in head length, i.e., males
and females differed in their allometric growth
trajectories depending on the pre-parturient
sex ratio of their clutch (Fj5¢;=2.80, P=0.0235;
Fig. 1).

185
0.2 —A—F-diff
—B—F-nobias
0.15 4 .\_. —o—F-same
—A—M-diff
£ 0.1 —B—M-nobias
[ .’//,/‘. —e—M-same
c
2 0.05
kel
3
= 0
g
= -0.05 4
©
o]
T 0.1
0.15 4
0.2 -
Time
Fig. 1. Development of relative head length for both sexes

and different prenatal sex ratios. The measurements were
taken at parturition and after a growth period of 15 days.
F=female; M=male; diff=clutches biased to opposite sex;
same=clutches biased to same sex; no bias=clutches of equal
sex ratio. The differences between clutches biased to opposite
and same sex are statistically different at birth, with the
difference remaining significant after 15 days of growth in
males.

DISCUSSION

This study shows that pre-parturient sex ratios
have significant sex-dependent effects on offspring
allometry in natural populations of lizards. Males
developing in female-biased clutches were femin-
ized, whereas females developing in male-biased
clutches were masculinized. Further support that
these effects are indeed related to the sex ratio per
se (or a maternal tactic relating to the clutch sex
ratio) is that offspring developing in clutches of
equal sex ratios were intermediate in degree of
feminization/masculinization (Table 1; Fig. 1). In
the present study, we had no knowledge of the
intrauterine positions of developing young, but
instead compared fetuses in same- and opposite-
sex biased clutches with respect to characteristi-
cally sexually dimorphic traits. In reptiles, as in
birds, maternally derived sex steroids can be

TABLE 1. Relative head length+ SE for both sexes and all types of clutches’

F-diff F-no bias F-same M-diff M-no bias M-same
Relative head —0.0109 —0.1046 —0.1541 —0.0053 0.0502 0.1434
length at birth +0.0548 +0.0610 +0.0335 +0.0299 +0.0548 +0.0353
Relative head —0.0291 —0.0664 —0.0908 —0.0892 0.0832 0.1230
length after 15 days +0.0542 +0.0568 +0.0347 +0.0653 +0.0652 +0.0283

'F=female; M=male; diff=clutches biased to opposite sex; same=clutches biased to same sex; no bias=clutches of equal sex ratio. The differences
between clutches biased to opposite and same sex are statistically different at birth, with the difference remaining significant after 15 days of

growth in males.
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deposited in the yolk (e.g., Schwabl, ’93; Lovern
and Wade, 2001). Thus, females that give birth to
mostly males could allocate more testosterone to
all eggs and females with mostly daughters more
oestrogen, thereby influencing offspring allometry
in both sexes. Furthermore, even though sex
chromosomes have been described for some L.
vivipara populations, it is unknown whether
steroid levels will also influence the probability
of developing into a male or female. In the painted
turtle (Chrysemys picta), a species with tempera-
ture-dependent sex determination (TSD), mater-
nally derived yolk steroids have been linked to
offspring sex ratio (Bowden et al., 2000), and in the
leopard gecko (Eublepharis macularius), a lizard
also exhibiting T'SD, embryonic temperature in-
fluences reproductive characteristics as an adult
(Gutzke and Crews, ’88; Rhen and Crews, '99). In
birds, it has been suggested that the steroid level
in the egg could be part of the sex determining
process by influencing the segregation of sex
chromosomes (Petrie et al., 2001), but the general-
ity of this hypothesis across taxa is unknown.

In reptiles, it has been suggested that oestrogen
is the organizing hormone during sex differentia-
tion and that females convert testosterone into
oestrogen, catalysed by the aromatase system
(Crews et al., ’95; Pieau et al., '99; Osypka and
Arnold, 2000). In our study, however, females
developing in male-biased clutches were masculi-
nized at parturition, suggesting that aromatisa-
tion of testosterone cannot explain our results for
L. vivipara. To separate the fetal interaction and
maternal steroid allocation hypotheses, one would
have to know the position and sex of the offspring
in the uterus and only further studies in which, for
example, the embryos were isotope-marked or
dyed could make this distinction.

The allometry effect at birth persisted over the
growth period in males but not in females. Thus,
the head-SVL growth trajectories after birth
differed between the sexes with respect to gesta-
tion environment (Fig. 1). Males developing in
male-biased clutches had relatively larger heads
also after the growth period, whereas males
developing in female-biased clutches showed a
further decrease in body-size specific head size,
making the differences between males from
different sex ratio environments even more pro-
nounced over time. In females, however, relative
head size in male-biased clutches declined during
the growth period and, therefore, the sex ratio
environment effect disappeared. Thus, the effect of
clutch sex ratio on offspring allometry differed in
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strength between the sexes after parturition,
suggesting that gestation environment effects
(probably steroid-induced) could have longer-last-
ing effects in males than in females. In the closely
related sand lizard (Lacerta agilis), both males
and females with relatively larger heads have
higher reproductive success (Olsson and Shine,
’96). In both sexes, a large head probably increases
the range of accessible prey items, resulting in
higher fecundity in females, while in males large
heads are also sexually selected (L. agilis: Olsson
and Shine, ’96; Lacertids in general: Brana, '96).
Thus, males developing in female-biased clutches,
being born with generally smaller heads, should be
at a selective disadvantage compared to males
developing in male biased clutches. Such a
scenario is supported by data on the Mongolian
gerbil, which shows intrauterine position effects
on male reproductive success (Clark and Galef,
’98). In gerbils, however, there may also be a
testosterone-related trade-off between mate acqui-
sition and paternal behaviour, with paternal care
being compromised at high testosterone levels
(Clark et al., ’97). Because lizards do not exhibit
paternal care, it seems likely that male common
lizards gestated with mostly females are indeed at
a selective disadvantage, should the diminished
relative head size persist later in life.

In homeotherms, such as birds and mammals,
incubation temperature is unlikely to complicate
the interpretation of gestation environment ef-
fects. In ectotherms, however, it is well established
that the thermal incubation environment may
influence offspring shape (Shine et al., ’95; Elphick
and Shine, ’98). Thus, maternal basking behaviour
could influence the relative head size of sons and
daughters. Interestingly, in the present study,
males and females also differed in their head size
allometry response to thermal treatment during
post-parturient growth.

In conclusion, our study shows that an off-
spring’s relative head size is influenced by the sex
ratio of the clutch during gestation, and that this
effect differs between sons and daughters. Males
developing in female-biased clutches were femin-
ized, and females developing in male-biased
clutches were masculinized. Offspring developing
from clutches of equal sex ratio were intermediate
in degree of masculinization/feminization. This is
the first study, to our knowledge, to demonstrate
sex-specific sex ratio effects on offspring allometry
in a nonmammalian species. More importantly, it
suggests a model system in which not only
proximate but also ultimate causation of gestation
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effects on offspring phenotype could be examined
in the wild with much more ease than with the
mammalian models used in laboratory popula-
tions.
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