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PATERNAL GENOTYPE INFLUENCES INCUBATION PERIOD, OFFSPRING SIZE, AND
OFFSPRING SHAPE IN AN OVIPAROUS REPTILE
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Abstract.—Theoretical models for the evolution of life-history traits assume a genetic basis for a significant proportion
of the phenotypic variance observed in characteristics such as hatching date and offspring size. However, recent
experimental work has shown that much of the phenotypic variance in hatchling reptiles is induced by nongenetic
factors, such as maternal nutrition and thermoregulation, and the physical conditions experienced during embryogen-
esis. Thus, there is no unambiguous evidence for strictly genetic (intraspecific) influences on the phenotypes of hatchling
reptiles. We report results from a technique that uses a genetic marker trait and DNA fingerprinting to determine
paternity of offspring from multiply sired clutches of European sand lizards, Lacerta agilis. By focusing on paternal
rather than maternal effects, we show that hatchling genotypes exert a direct influence on the duration of incubation,
the size (mass, snout-vent length) and shape (relative tail length) of the hatchling, and subsequent growth rates of
the lizard during the first 3 mo of life. Embryos with genes that code for a few days’ delay in hatching are thereby
larger when they hatch, having undergone further differentiation (and hence, have changed in bodily proportions),
and are able to grow faster after hatching. Our data thus provide empirical support for a crucial but rarely tested
assumption of life-history theory, and illuminate some of the proximate mechanisms that produce intraspecific variation

in offspring phenotypes.

Key words.—Lacerta agilis, incubation period, multiple paternity, offspring size and shape, paternal genes.

Received December 1, 1994. Accepted August 4, 1995.

Hatching (or birth) is an important stage in the life history
of any organism, and factors such as developmental rate, the
time of emergence from the egg or mother, and the size and
shape of the offspring, are liable to have a profound effect
on that hatchling’s probability of survival and later repro-
duction (e.g., Ford and Huxley 1927; Gould 1977). Studies
on many different types of organisms have demonstrated sig-
nificant influences of the hatchling’s phenotype, and its plas-
ticity, on organismal fitness (e.g., Ferguson and Fox 1984;
Sinervo 1990; Newman 1994; Via et al. 1995). Thus, the
determinants of offspring phenotype are of central interest
in life-history theory, and there have been numerous attempts
to mode] the evolutionary processes at work in adaptation of
this life-history stage (e.g., Smith and Fretwell 1974; Brock-
elman 1975; Shine 1978; Nussbaum 1981; Lloyd 1987; Par-
ker and Begon 1986; Nussbaum and Schultz 1989; Winkler
and Wallin 1987). These studies deal primarily with adaptive
evolution of mean hatchling size, using optimality theory.
Considerably less attention has been paid to adaptive vari-
ation in hatchling size (Gillespie 1987). Nevertheless, all
these models rely upon the assumption that there is a genetic
underpinning to the observed phenotypic variance among
hatchlings within a clutch or population. Without such a link
between genotype and phenotype, even intense selection on
offspring phenotypes will have no deterministic effect on
allelic frequencies, and thus the system will not evolve (i.e.,
will not show cumulative changes in gene frequencies in
response to selection).

Although the assumption is thus a crucial one, we have
little evidence to support it in many types of animals. There
are quantitative genetic studies of vertebrates such as birds
(e.g., Viisdnen et al. 1972; van Noordwiijk et al. 1981; Price
and Grant 1985) and mammals (e.g., Austin and Short 1984;
Cheverud et al. 1983), which provide unequivocal support of

genetic influence on hatchling traits when maternal effects
are removed. However, recent experimental studies on a va-
riety of reptilian taxa have shown that important character-
istics of the offspring (e.g., its time of hatching, as well as
its size, shape, behavior, thermoregulatory preferences, and
performance abilities) are highly dependent upon the physical
conditions that the embryo experiences prior to hatching
(e.g., Lang 1985; Burger 1989, 1990; Packard 1991; Shine
and Harlow 1993; Shine 1995, and papers cited therein).
Thus, the typically low within-clutch variance in offspring
characteristics, compared with the typically high among-
clutch variance in these characteristics (Vitt and Congdon
1978; Sinervo and Adolph 1989), may be due to proximate
environmental factors influencing phenotypes within an adap-
tive reaction norm. That is, particularly in reptiles, eggs with-
in a clutch may produce similar hatchlings not because of
high genetic relatedness among the offspring, but simply be-
cause the eggs have been exposed to similar hydric and ther-
mal conditions throughout embryogenesis. The adaptive phe-
notypic response of the embryo (and hence hatchling) to the
biotic and abiotic factors that it experiences during pre- and
postoviposition life-history stages, provides exciting prob-
lems in studies of evolutionary biology. In this work, we
restrict ourselves to investigating if significant variation in
hatchling morphology can be referred to paternal genes. If
this link can be established, we may have a tool for parti-
tioning genetic variance from environmental variance for
hatchling traits. We could then go on to determine how vari-
ance components of such traits during early ontogeny affect
lifetime fitness. Quite possibly these relationships will be
different in reptiles to those in other groups such as birds
and mammals.

It might seem that the problem of demonstrating strictly
genetic effects on hatchling size and shape can be overcome
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in oviparous reptiles, by dividing the clutch at oviposition
and incubating siblings under a variety of different conditions
(Shine 1995). This technique can factor out any apparently
“maternal”’ (= genetic) effects that are in fact due to incu-
bation conditions but does not offer a complete solution be-
cause most oviparous reptiles undergo a significant propor-
tion of embryonic development prior to oviposition (Shine
1995). In addition, the thermal regimes selected by gravid
females immediately prior to laying can significantly influ-
ence the phenotypes of the hatchlings (Shine 1995). Simi-
larly, food availability (and thus, maternal conditions) has
been shown to affect several components of the hatchling
phenotype (King 1993). Thus, a low within-clutch variance
in hatchling phenotypes, compared with a high among-clutch
variance in the same characteristics, cannot be used as evi-
dence of genetic influence on offspring traits.

The confounding influence of proximate environmental
factors such as maternal nutrition and thermoregulation can
be reduced but not eliminated by examining the consistency
of offspring phenotypes produced by individual females
through time. For example, if differences among females in
traits such as offspring size are consistent through several
breeding seasons, it seems more likely that such traits are
under genetic control (e.g., Madsen and Shine 1992). Again,
however, other confounding factors may play a role. Females
may differ in characteristics such as parasite loads, or there
may be long-term effects of feeding opportunities early in
life (the ‘“‘silver-spoon effect,” Grafen 1988). Ultimately,
then, differences among females in offspring traits are con-
sistent with the hypothesis that these traits are under genetic
control but do not provide unequivocal support for this idea.
How can we obtain a more rigorous assessment of strictly
genetic influences on offspring characteristics? Quantitative
genetics techniques (cross-breeding, etc.) can provide data to
answer this question, but these techniques require large num-
bers of animals and long periods of time (e.g., Bulmer 1985;
Falconer 1989). In this paper, we use an alternative, less
complex technique to assess the influence of genetics on off-
spring traits in an oviparous lizard. By establishing paternity
of eggs in multiply sired clutches, we can examine paternal
(and thus, strictly genetic) influences without the host of
confounding nongenetic factors associated with any attempt
to interpret maternal influences on offspring characteristics.
This is possible because reptiles yolk their follicles simul-
taneously from circulating yolk precursors (vitellogenin) and
ovulate all the eggs at the same time. Thus, energetic and
nutritional within-clutch variance is typically low in lizards
compared with (for example) birds; birds lay eggs sequen-
tially, and foraging success prior to oviposition may vary
between eggs.

MATERIALS AND METHODS

We used females from a sand lizard (Lacerta agilis agilis)
population with low genetic diversity on the Swedish west
coast (Asketunnan, 50 km South of Gothenburg). The females
were mated in the laboratory, eight of them by two different
males each. Four of the females were mated with two Swedish
males, whereas the other four females were mated with one
Swedish male and one male from a Romanian population of
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sand lizards (Lacerta agilis chersonensis). After matings, the
females were kept separately. As soon as the eggs were laid,
they were transferred to boxes with vermiculite into which
water had been mixed in the ratio 10:1 (milliliters, vermic-
ulite: water). The eggs were incubated at 25°C (+ 1°C) until
hatching. Because the eggs were adherent, we did not separate
them for weighing, as this separation may damage the surface
of the soft eggshell. We used offspring body size and body
shape to look for paternal effects, because these traits can be
estimated with accuracy and are correlated with offspring
survival in sand lizards (Olsson 1992). Hatchlings were mea-
sured to the nearest 0.5 mm snout to vent and total length,
and weighed to the nearest 0.001 g.

Offspring paternity was determined by a genetic marker
trait (dorsal stripes, Olsson et al. 1994a) and by DNA fin-
gerprinting (Olsson et al. 1994a,b). To investigate the con-
sistency in the genetic marker trait (dorsal stripes), we per-
formed the following crossing experiment prior to com-
mencing the present study. Striped (dominant) males and non-
striped (recessive) females were mated, and so were their
offspring. These brother-sister matings resulted in 56 young
from 10 clutches. The empirical result was 15 nonstriped and
41 striped young, which were tested against the predicted
frequencies for single-locus heterozygous crossings (i.e., 3:
1 ratio). A x2 test for goodness-of-fit did not reject the null
hypothesis of heterozygote crossings (x> = 0.10, df = 1, P
> (0.8). Only males and females that were homozygous dom-
inant or homozygous recessive for stripes were used in the
multiple matings reported in the present study, and paternity
of offspring could therefore be safely assigned using stripes
(Olsson et al. 1994a). To investigate paternity with DNA
fingerprinting, bands greater than 3 to 4 kb were use. An
offspring was considered sired by a certain male if the off-
spring had at least one male-specific band (a band not shared
by the female or the other male). The probability of occur-
rence of a mutant band is negligible. No offspring showed
bands specific for both males (Olsson et al. 1994a).

Because the volume and the nutrient content of the yolk
may vary among clutches, the statistical analyses of clutches
sired by two males were performed as pairwise tests of trait
means of the half sibs within each clutch. We used [(X, —
X,)/s2(1/n; — 1/n,)] as the test statistic. By using theory for
multiple tests (Hochberg and Tanhame 1987), we calculated
a simultaneous probability value for the offspring in the four
clutches in each group.

We also considered the possibility that differences between
males in the size of their offspring (half sibs) were due to
the fact that one male’s sperm by mere chance fertilized the
largest eggs, or the eggs containing the most nutrients, in the
clutch. Conservatively, we assume that there is enough vari-
ation in egg enmergy or nutrient content within a clutch to
yield the observed differences in hatchling size (although we
doubt this assumption). From simple combinatorial theory,
we can calculate the probability that a male sires k of the
largest of the n eggs in a clutch; when a male sires for example
three out of eight eggs in a clutch this probability equals
(3-2-1)/(8-7-6). In the general case, this can be expressed n(n
— 1)---(n — k + 1)/1.2---k, which is derived from the definition
of the binomial coefficient (k = number of offspring sired
by a given male in a clutch of n eggs; n = number of eggs
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TaBLE 1. Maternal and paternal influences on offspring phenotypes in the sand lizard, Lacerta agilis. Table shows values from two-
factor analyses of variance, with male and female identification numbers as the factors and offspring traits as the dependent variables.
““Relative tail length,” residual score from the general regression of total length on snout-vent length; “body shape,” residual score

from the general regression of mass on snout-vent length.

Maternal effect

Interaction between maternal

Paternal effect and paternal effects

Dependent variable df F P df F P df F P
Snout-vent length (mm) 11,117 6.02 0.0001 9,117 0.66 0.75 2,117 7.75 0.0007
Mass (g) 11,116 7.69 0.0001 9,116 0.81 0.61 2,116 10.40 0.0001
Incubation period (d) 7,70 217.0 0.0001 8,70 319.0 0.0001 1,70 36.4 0.0001
Relative tail length (residual score) 11,115 2.99 0.002 9,115 0.72 0.69 2,115 0.58 0.56
Body shape 11,115 7.67 0.0001 9,115 1.47 0.17 2,115 2.86 0.06

>

in a clutch, ranked in order of ‘“‘quality,” e.g., energy or
nutrient content, Olle Higgstrom, Department of Mathemat-
ics, Chalmers University of Technology, pers. comm., 1993).

REsULTS

As in most previous analyses of reptilian reproduction, we
found strong maternal effects on the phenotypes of the off-
spring. Single-factor analysis of variance (ANOVA), with
female identification number as the factor, revealed strong
differences among females in all of the traits we measured
on their offspring: snout-vent length (Fy4 1,5 = 12.76, P <
0.0001), tail length (Fi4 26 = 24.79, P < 0.0001), mass
(Fi4.127 = 10.07, P < 0.0001), relative tail length (residual
scores from the regression of total length to snout-vent
length: F4 156 = 5.62, P < 0.0001), and body shape (residual
from the regression of mass to snout-vent length: F|, 57 =
6.87, P < 0.0001). Offspring from different females also
differed significantly in their subsequent growth rates, in
terms of both snout-vent length (F 55, = 10.53, P < 0.0001)
and mass (Fgg; = 6.24, P < 0.0001). Because we knew the
paternity as well as the maternity of each offspring, we were
able to analyze these data further, using a two-factor ANOVA
with female identification number and male identification
number as the two factors, and offspring traits as the depen-
dent variables. This analysis confirmed the importance of

TaBLE 2. Mean snout—vent length (SVL, mm), total length (TOT,
mm), and mass (g) of offspring sired by Swedish female sand lizards
mated with a Swedish male (S), and a Romanian male (R).

Fe-
male
num- Male Offspring SVL TOT Mass
ber number N = X+ SD X = SD ¥ * SD
1 1 (R) 2 305 £ 071 750 = 1.41 0.720 = 0.0
1 2(S) 2 30.0 = 0.0 72.0 £ 1.41 0.620 = 0.03
2 1 (R) 2 31.0 = 1.41 69.0 = 4.24 0.539 = 0.01
2 3(8) 3 290 £ 1.0 67.0 = 1.41 0.573 = 0.06
3 1 (R) 1 30.0 = 0.0 70.0 £ 0.0 0.500 * 0.0
3 4(S) 8 27.6 = 0.52 645 = 1.51 0.490 = 0.06
4 1 (R) 3 30,0 £ 1.0 70.0 £7.07 0.751 = 0.06
4 5(S) 5 28.6 = 1.14 68.8 = 390 0.636 + 0.08
Mean values
Romanian
father (N =18) 304 092 71.8 £ 3.49 0.659 = 0.12
Swedish
fathers (N = 18) 284 * 1.09 659 * 3.00 0.558 + 0.09

among-female effects, but was ambiguous with respect to
paternal effects (Table 1). Offspring sired by different males
differed significantly in incubation periods but not in any of
the other traits we examined. Nonetheless, significant inter-
action terms between maternal and paternal effects were com-
mon, suggesting that the phenotype of the offspring depends
not only on maternal factors (genotype, condition, etc.) but
also on some interaction between maternal factors and pa-
ternal genotypes.

The nature of this paternal effect was clarified when we
compared offspring sired by the Romanian male with their
half sibs sired by Swedish males. In clutches with mixed
paternity, sperm from the Romanian male consistently gave
rise to larger young than did sperm from the Swedish males
(SVL — P < 0.002; total length- P < 0.003; mass — P =
0.044: see Table 2). The offspring sired by the Romanian
male also differed significantly from their Swedish half sibs
in terms of incubation periods (means = 39.09 versus 37.04
d, unpaired ¢ = 4.09, df = 78, P < 0.0001) and relative tail
lengths (residual scores from the general regression of total
length on SVL: means = 1.06 versus —0.04, unpaired ¢ =
2.49, df = 78, P < 0.014).

The number of young sired by the Romanian male (out of
each entire clutch) were, three out of eight, two out of four,
two out of five, and one out of nine hatchlings. We used the
generalized expression derived from combinatorial theory for
calculating the probability that the Romanian male by pure
chance fertilized the “largest eggs™ (p. 8). Because females
are independent observations, we multiplied the probabilities
for each clutch to obtain the corresponding probability for the
entire experiment. This probability could then be described
by the expression p = (2:1/4-3)-(2-1/5-4)-1/9-(3-2-1/8-7-6) =
1:30240 (P = 0.00003).

These analyses indicate that the genes of the Romanian
male resulted in a longer incubation period, and the produc-
tion of heavy offspring with longer bodies and shorter tails
than their half sibs sired by Swedish males. Are these in-
dependent effects, or are these traits part of a correlated suite
of characteristics related to different developmental path-
ways? To answer this question, we investigated correlations
among these traits within the offspring sired by Swedish
males only (i.e., omitting all offspring from the Romanian
males). Our correlational analyses showed that more pro-
longed incubation periods resulted in offspring that were lon-
ger (incubation period versus SVL: r = 0.26, N = 69, P <
0.04) and heavier (incubation period versus mass: r = 0.24,
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FiG. 1. The figure illustrates how a suite of morphological traits

in the sand lizard hatchling changes with increasing incubation
period of the egg. Prolonged incubation results in a hatchling with
a longer body (top graph), shorter tail (middle graph), and which
grows at a faster rate during its first 40 d of life (bottom graph).

N = 68, P < 0.05), and with shorter tails relative to SVL
(incubation period versus residual scores of total length on
SVL: r = 0.31, N = 67, P < 0.013). Figure 1 shows two of
these relationships and also shows that hatchlings that
emerged after longer incubation periods grew significantly
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faster in the first few months of life than did hatchlings from
briefer incubation (incubation period versus subsequent
growth rate in SVL: r = 0.39, N = 67, P < 0.001; versus
growth in mass: r = 0.29, N = 66, P < 0.02).

These data suggest that the four ‘‘atypical” characteristics
of hatchlings sired by the Romanian male (mass, length, rel-
ative tail length, and subsequent growth rate) are somehow
correlated in occurrence, rather than being independent ef-
fects of the Romanian genotype. Given longer incubation
period of the Romanian hatchlings, the correlates of pro-
longed incubation in the Swedish offspring are such that we
would predict that the Romanian offspring would be longer
and heavier, have shorter tails, and have more rapid growth
as juveniles. In each case, the magnitude of these differences
between Swedish and half Romanian offspring is close to
that predicted by the difference in incubation periods (Fig.
1). For example, the predicted offspring sizes for Swedish
lizards with a 39.1-d incubation period (the mean for the
Romanian-sired lizards) are 0.67 g (vs. 0.65 g for Romanians)
and 30.8 mm SVL (vs. 30.7 mm for Romanians). These re-
sults suggest that the underlying relationships among off-
spring traits are similar in the lizards from Sweden and Ro-
mania: the genotype of the Romanian male is simply at one
end of a continuum also seen in Swedish populations.

DISCUSSION

Sand lizards provide an excellent model system in which
to investigate genetic influences on offspring phenotypes.
Because this species is oviparous, there is no significant pla-
cental transfer of nutrients to the oviductal embryo (eggshell
deposition in oviparous lizards commences soon after ovu-
lation: Guilette 1992; Guilette and Jones 1985; Heulin 1990).
Thus, the total allocation of energy and nutrients to each
offspring is determined at ovulation, and cannot be influenced
by the phenotype of the embryo or subsequent maternal al-
location “‘decisions” based on that embryonic phenotype.
The prevalence of multiple mating and consequent multiple
paternity in sand lizards allows us to control for maternal
(genetic and nongenetic) effects by comparing half sibs rather
than more distantly related individuals. In sand lizards, num-
ber of matings does not correlate with offspring mass and,
hence, females do not accumulate more resources for their
young by obtaining more ejaculates (Olsson et al. 1994b,c).
Therefore, the sperm provides only genes to the embryo, and
any effect of paternal identity on offspring phenotypes must
be a genetic effect.

Our calculations of probabilities (above) enable us to reject
the possibility that offspring sired by the Romanian male are
larger than their half sibs because of a chance effect whereby
the Romanian sperm happened to fertilize larger eggs. Thus,
any difference in offspring phenotypes between the offspring
of Romanian and Swedish males must result from some dif-
ference in the way in which the embryonic genotype controls
the processes of differentiation, growth, and developmental
timing. Our data suggest that developmental timing is crucial
in this respect, and that the mechanistic (proximate) basis for
the modifications of hatchling phenotype (size, shape, and
subsequent growth rate) lie in the embryo’s control of its
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duration of incubation (essentially, the embryo’s “‘decision”
as to when it should hatch).

Why should a prolongation of incubation influence off-
spring size and shape? The likely answer is that embryo-
genesis proceeds during this time, such that (1) body length
increases as the embryo grows; (2) although dry mass de-
creases during embryogenesis (due to metabolic energy ex-
penditure), the embryo’s wet mass actually increases over
this period because of an influx of water as yolk is converted
into body tissue (Shine 1977); and (3) the relative proportions
of the body and tail change in accordance with normal growth
allometry. The enhancement of subsequent growth is more
difficult to understand but may relate to competitive advan-
tages of larger hatchling sizes in social encounters between
juvenile lizards (Stamps and Krishnan 1994a,b). Given that
prolongation of incubation is advantageous, why do not all
genotypes code for delayed hatching? Perhaps because in the
brief cool Swedish summers, early hatching (prior to the onset
of lethally low soil temperatures in autumn) may confer such
advantages as to outweigh the minor disadvantages of smaller
hatchling size. In keeping with this interpretation, L. agilis
are among the northernmost oviparous reptiles, and our study
area is relatively close to the northern (cold-climate) limit of
their geographic distribution (Bischoff 1984). Advantages to
early hatching may be less important in warmer areas, such
as Romania.

Could our results be effects (such as heterosis or outcross-
ing deficiency) that are due to the combination of genes from
different geographic origins and thus not representative of
the genetic effects that normally occur within natural pop-
ulations? We doubt this interpretation. If the larger size of
the Romanian-sired offspring was due to heterosis rather than
to genes coding for prolonged incubation, we would not ex-
pect to find the same relationship between incubation period
and hatchling morphology within the offspring sired by the
Swedish males alone. Moreover, the difference in incubation
periods between the Romanian and Swedish sand lizards is
a relatively modest one, and part of a general clinal variation
in this trait with latitude within the range of L. agilis (Rykena
1988). Thus, the mean values for developmental period, as
well as for the morphological traits we measured, lie well
within the range of the Swedish offspring.

The explanation we have proposed above identifies incu-
bation period as the controlling variable for all zygotes, in-
dependent of parental geographic origin, with other pheno-
typic effects as consequences of prolonged embryogenesis.
We note, however, that our data are correlational and not
experimental: thus, it remains possible that the longer in-
cubation period is a result of the larger offspring size (etc.)
rather than the other way around. We doubt this interpretation
because (1) our calculations show that the probability of Ro-
manian and Swedish offspring originating from different-
sized eggs is so low as to be negligible; and (2) we would
not expect body-shape differences (e.g., in relative tail
length) if different-sized offspring were all at the same de-
velopmental stage at hatching.

In summary, our data on sand lizards demonstrate a sig-
nificant link between offspring genotype and phenotype. By
focusing on paternal rather than maternal influences, we have
been able to avoid a host of confounding influences that
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would otherwise make it very difficult to identify any such
genetic effect. The finding that particular genotypes produce
particular phenotypes is not surprising: it is a basic tenet of
evolutionary biology. Nonetheless, there is remarkably little
empirical support for this crucial assumption for most types
of animals. Our data are also of interest in clarifying some
of the proximate mechanisms underlying the ways in which
genotypes function to produce specific phenotypes. In par-
ticular, the role of developmental timing, and the genotype’s
manipulation of the relative amount of time that the organism
spends in different life-history stages, provides an interesting
perspective on the proximate determinants of offspring phe-
notypes in reptiles. With the increasing availability of mo-
lecular techniques for identifying paternity, it should soon
be possible to evaluate the relative magnitudes of genetic and
nongenetic influences on hatchling phenotypes both in the
laboratory and in the field. Such information could greatly
enhance our understanding of the ways in which natural se-
lection on offspring phenotypes can feed back into macro-
evolutionary changes in relevant traits.
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